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ABSTRACT OF THE DISSERTATION

Understanding Epigenetics: Molecular MechanismsRNA Biogenesis and DNA
Methylation

by

Shaofang Li
Doctor of Philosophy, Graduate Program in GeneGexnomics and Bioinformatics

University of California, Riverside, December 2014
Dr. Xuemei Chen, Chairperson

Although transposons constitute large portions uwfaeyotic genomes, certain
mechanisms have evolved to suppress the detrimeffitats caused by the movement of
transposons. InArabidopsis, DNA methylation plays a vital role in suppressing
transposon expression at the transcriptional lesad, the underlying mechanisms have
been thoroughly investigated. Numerous factorsigpating in the DNA methylation
pathway have been reported, from the establishofeDNA methylation through RNA-
directed DNA methylation (RdDM) to the maintenaéesymmetrical DNA methylation
by MET1/CMT3 and asymmetrical DNA methylation by[Rd and CMT2.

Despite this well-established framework, howevevp timportant questions
remain. The first concerns the mystery precursorsiRNAs that function as guidance

signals for RADM. Although it has been proposed tal IV transcribes methylated

Vi



DNA to produce primary transcripts at RdDM loci atitht RDR2 converts these
transcripts to dsRNAs to serve as siRNA precurswssuch siRNA precursor transcripts
have been reported. In my Ph.D. studies, | was tabidentify Pol IV/RDR2-dependent
transcripts from tens of thousands of loci throggmome-wide profiling of RNAS in
genotypes with compromised siRNA precursor proogssOn the one hand, Pol
IV/RDR2-dependent transcripts differ from Pol llpgmdent transcripts in the following
ways: they correspond to both DNA strands insteadre strand, they have a 5’
monophosphate instead of a 5’ cap, they lack afptayt at the 3’ end, and they do not
have introns. On the other hand, both Pol IV/RDR24dcribed regions and Pol II-
transcribed regions are flanked by A/T-rich seqgesnaepleted in nucleosomes.
Computational analysis of sSiRNA abundance in variowtants also revealed differences
in the regulation of siRNA biogenesis at two typésoci that undergo CHH methylation
through two different DNA methyltransferases.

The second question is how the silencing effe@MNA methylation is controlled
to prevent the stochastic silencing of genes @ilow the expression of genes that reside
nearby transposons. In my Ph.D. studies, | idedtifUVH1 as an anti-silencing factor
through a forward genetic screen and showed thptoiotes the expression of two
transgenes and several endogenous genes. 5-AzpRydtidine (a DNA methylation
inhibitor) treatment and methylation level analysgng McrBC-PCR and MethylC-seq
subsequently showed that SUVH1 functions downstreBBNA methylation to promote
the expression of genes harboring promoter DNA yiation. In addition, SUVH1 was

found to maintain H3K4me3 levels. These findingenfr the functional studies of

Vii



SUVH1 shed light on the regulatory network actirigganes with various epigenetic

marks.
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Chapter 1. The regulation of chromatin through DNAand histone modifications

The first step of epigenetic gene regulation ocaitrshe transcriptional level through
chromatin. Understanding the modifications on DN &istones, two basic components
of chromatin, is critical for understanding the pbmenon of epigenetic gene regulation
as a whole. Here, | summarize the current knowledig®NA methylation, histone

modification and the crosstalk between differengepetic marks.

Introduction to epigenetic regulation
Gregor Mendel's studies of trait inheritance anel éfucidation of the structure of DNA

by James Watson and Francis Crick provided the foumdor our understanding of
how traits are inherited from parents to childidowever, DNA sequences alone cannot
explain the fact that many different types of celésrelop from embryonic stem cells all
possessing the same genome; in fact, the terméppigs” was first used in the context
of genetic studies of developmental processes (Bore al. 2010).
At the end of 20th century, the discovery of RNAi ®raig Mello and his group

(Fire et al. 1998) led to increased interest infiblel of epigenetics. Nowadays, the word
“epigenetics” sounds familiar to everybody. But wha epigenetics? To derive a
consensus definition of epigenetics, the Banburyf@ence Center and Cold Spring
Harbor Laboratory hosted a special meeting in 2808. A 2009 report subsequently
described an epigenetic trait as follows. “An epgge trait is a stably heritable

phenotype resulting from changes in a chromosombowi alterations in the DNA



sequence” (Berger et al. 2009). Later on, epiges@tas more broadly framed in Science
by Danny Reinberg as a term referring to “the inthace of variation (-genetics) above
and beyond (epi-) changes in the DNA sequence” &monet al. 2010). A similar
definition can be found on Wikipedia: “ology, epigeneticss the study of cellular and
physiological traits that are heritalilg daughter cells anmibtcaused by changes in
the DNA sequence; Epigenetics describes the study of stabig-term alterations in the
transcriptionapotential of acell. ” (http://en.wikipedia.org/wiki/Epigenetics).

In a more narrow sense, epigenetics refers onlyhteritable changes occurring at
the chromosome level (Berger et al. 2009). It hasnbproposed that three types of
signals establish heritable epigenetic modificaidEpigenator”, “Epigenetics Initiator”
and “Epigenetics Maintainer” (Berger et al. 200R)e Epigenator, representing the most
upstream event, involves the sensing of an enviemtah change and signal transduction
to the Epigenetics Initiator. The temperature cleamgthe paramutation process is one
example of the Epigenator signal type. The Epigeséhnitiator is the link between the
Epigenator and Epigenetics Maintainer, and examjpielside long non-coding RNA,
siRNAs and certain DNA-binding factors, insofar d&key transduce the cell
environmental signal to direct downstream epigenedtatus establishment. The
Epigenetics Maintainer maintains the chromatin ustatpermitting the status to be
inherited by offspring. DNA methylation and histomedification are typical examples

of the Epigenetics Maintainer (Berger et al. 2009).



The regulatory roles of DNA methylation

DNA methylation, the addition of a methyl groupadNA nucleotide, is an important
epigenetic modification that affects various biobtad processes. Three methylated DNA
bases are known: 5-methylcytosine (m5C), 4-methgkige (m4C) and N°-
methyladenosine (m6A). In eukaryotes, DNA methglatusually refers to m5C, which
is associated with the suppression of gene exressid transposon activity (Law and
Jacobsen 2010); however, adenine methylation rhes laéen reported in eukaryotes
(Baniushin 2005). In prokaryotes, m6A is the maymthylated base, with m5C and m4C
occurring less frequently (Ratel et al. 2006; Fatgal. 2012). m6A is known to be
essential for survival in several bacteria (Ratehle 2006) and is critical for numerous
aspects of prokaryotic life, including the reguatiof bacterial gene expression and
virulence (Low et al. 2001) and DNA replication (Darre and Chattoraj 2010). In a
recent methylome profiling analysis Bécherichia coli K12 by whole-genome bisulfite
sequencing DNA cytosine methylation as found to be a regulator of stationary phase
gene expression (Kahramanoglou et al. 2012).

Among the three methylated DNA bases, 5mC is thetmell studied DNA
methylation, and hereafter, DNA methylation willfee specifically to 5mC. DNA
methylation is a conserved gene silencing mechamstital for preserving genome
integrity in many eukaryotes. A notable excepti®nhie model organisi@aenorhabditis
elegans, which lacks genomic DNA methylation (Simpson[etl&86). DNA methylation
was also thought to be absent in yeast Bnakophila melanogaster, but low levels of

DNA methylation have now been reported in thesaigms (Lyko et al. 2000; Tang et



al. 2012; Capuano et al. 2014). In animals, DNAhyletion predominantly occurs in the
CG context, with non-CG methylation rarely detectddn-CG methylation has recently
been reported in oocytes, pluripotent embryonimstells and mature neurons (Xie et al.
2012b; Lister et al. 2013; Shirane et al. 2013; &id Zhang 2014), but its precise role
remains to be discovered. DNA methylation is asdedi with several key developmental
processes in animals, including genome imprintilgnsposon suppression and X-
chromosome inactivation (Feng et al. 2010). Thaluibles of DNA methylation are
further supported by the fact that loss of DNA ny&tion leads to embryonic lethality in
animals (Law and Jacobsen 2010). DNA methylatiai@rthe incorrect transmission of
DNA methylation patterns have been associated agihg (Horvath 2013) and several
diseases, including cancer (Fukushige and Horii32@&hd atherosclerosis (Zaina and
Lund 2013). In plants, DNA methylation commonlycacs in both CG and non-CG
contexts, which are further characterized as symen@G and CHG, where H=A, T or
C) or asymmetric (CHH). The major function of DNAethylation is to control
transposon activity to maintain genome integrity. Arabidopsis, the repression of
transposon activity involves a triple-layer pathwayth two layers of transcriptional
gene silencing (TGS) achieved though DNA methytatiand a third layer of

posttranscriptional gene silencing (PTGS) (Bouscdnd Voinnet 2010).

DNA methylation maintenance

To maintain CG methylation during replication in mmaals, DNA (cytosine-5)-

methyltransferase 1 (DNMT1) is recruited to repima foci through interactions with



the proliferating cell nuclear antigen componentha replication machinery (Chuang et
al. 1997) and a chromatin-associated protein, ulimglike plant homeodomain and
RING finger domain 1 (UHRF1), that specifically Os to hemimethylated CG
dinucleotides through the SET and RING finger aisged (SRA) domain (Bostick et al.
2007; Sharif et al. 2007; Arita et al. 2008). SanilCG methylation maintenance
mechanisms are found in plants. METHYLTRANSFERASKEMET1), a homolog of
DNMTL, is responsible for all CG methylation, asidenced by the genome-wide
elimination of CG methylation inmetl (Vongs et al. 1993; Stroud et al. 2013). In
Arabidopsis, CG methylation also requires three VARIANT IN MEYLATION (VIM)
proteins, which are SRA domain-containing homolog$JHRF1 (Woo et al. 2007). In
the viml vim2 vim3 triple mutant, the decrease in CG methylation rddesn that
observed inmetl (Stroud et al. 2013). DECREASED DNA METHYLATION(DDM1),

a SWI2/SN2-like chromatin remodeler, controls CGthyikation through its ATPase
activity and nucleosome remodeling (Hirochika e&l00; Stroud et al. 2013).

The maintenance of CHG methylation in plants resgiithe plant-specific
methyltransferase CHROMOMETHYLASE 3 (CMT3) (Lindnoet al. 2001). CMT3
binds H3K9me2-containing nucleosomes through btdhbromo adjacent homology
(BAH) and chromo domains (Du et al. 2012). H3K9 rethylated by
KRYPTONITE/SU(VAR) 3-9 HOMOLOG 4 (KYP/SUVH4) (Jacts et al. 2002) and
its homologs SUVH5 and SUVH6 (Ebbs and Bender 20®&akumara et al. 2011,
Stroud et al. 2014), which possess SRA domains teeabgnize CHH and CHG

methylation (Ebbs and Bender 2006; Johnson et0&l7R2 The reinforcing loop between



DNA methylation and histone methylation is evidehdy the high correlation of these
marks on a genome-wide scale (Stroud et al. 201®u& et al. 2014). The strong
relationship between DNA and histone methylationalso observed in mammals,
although most cases involve protein interactionsgwben the DNA and histone
methyltransferases (Cedar and Bergman 2009). Matbgl in the asymmetric CHH
context requiresle novo methylation involving two distinct methyltransfees that will

be introduced below.

The establishment of DNA methylation throughde novo methylation
Genome-wide reprogramming of DNA methylation occursboth plant and animal

development. In mammalian development, DNA metigtats erased in the primordial
germ cells and early embryo cells (Feng et al. 2Q46n reestablished through tde
novo methyltransferases DNA (cytosine-5)-methyltrareder3A and 3B (DNMT3A and
DNMT3B) (Okano et al. 1998; Okano et al. 1999). DRAtosine-5)-methyltransferase
3-like (DNMT3L), a DNMT3 homolog with no catalytiactivities, is also essential for
the establishment of DNA methylation alongside DNdATand DNMT3B (Hata et al.
2002). In Arabidopsis, DNA methylation is erased in the central cell tre female
gametophyte and reestablished through tlee novo methyltransferase DOMAINS
REARRANGED METHYLTRANSERASE 2 (DRM2), a homolog 8BNMT3 (Feng et
al. 2010). DOMAINS REARRANGED METHYLTRANSERASE 3 @&M3), a
catalytically mutated DRM2 homolog, is also reqdifer DNA methylation maintained

by DRM2 (Henderson et al. 2010). Recently, the tplaspecific protein



CHROMOMETHYLASE 2 (CMT2) was characterized as ameothde novo
methyltransferase acting through interactions WBPM1 and histone H1 (Zemach et al.
2013).

In plants, DRM2-mediatedde novo methylation, or RNA-directed DNA
methylation (RdDM), was first described in 1994 @&anegger et al. 1994). RdDM
requires siRNAs as the guidance signal and core iRiN#hinery for the recruitment of
DRM2 to methylate cystosines at the correspondiiigssin the genome. Using
Arabidopsis as a model system, numerous RdDM factors have ideetified, with roles
in Pol IV-mediated siRNA biogenesis, DRM2-mediat&NA methylation and

downstream chromatin alterations.

P4siRNA biogenesis
The initial step of RADM is the generation of 24siRNAs (Law and Jacobsen 2010).

RNA polymerase IV (Pol 1IV), a plant-specific RNA lgmerase, has been proposed to
generate the primary transcripts for these 24 RINgis (hereafter referred to as
P4siRNAs) (Zhang et al. 2007; Mosher et al. 2008 transcripts are then converted
into double-stranded RNAs (dsRNAs) by RNA-DEPENDERNA POLYMERASE?2
(RDR2) (Xie et al. 2004; Jia et al. 2009). As ddsmt in Chapter 2, genome-wide
profiling data of Pol IV/RDR2-dependent transcript®vide more direct evidence that
Pol IV and RDR2 are indeed responsible for the gemm of P4siRNAs. Mass-
spectrometric analysis of NRPD1 affinity purificats helped identify Pol IV complex

proteins (Law et al. 2011), which include the fallog: subunit proteins specific to Pol



IV (NRPD1 and NRPD7A); proteins shared by Pol Nd&RNA polymerase V (Pol V)
(NRPD2/E2, NRPD3B/E3B, NRPD4/E4, NRPD5B/E5B and MRB/E7B); proteins
shared by RNA polymerase Il (Pol Il) and Pol IV (RB5/D5); and proteins shared by
Pol II, Pol IV and Pol V (NRPB3/D3/E3A, NRPB6A/D6ESA, NRPBS8B/DSB/ESB,
NRPB9B/D9B/E9B, NRPB10/D10/E10, NRPB11/D11/E11 &R®PB12/D12/E1) (Law
et al. 2011). In addition to the Pol IV subunit f@ios, RdDM proteins were also
identified, including RDR2, RNA-DIRECTED DNA METHYATION 4 (DMS4),
CLASSY 1 (CLSY1), CLASSY 2, CLASSY 3 and SAWADEE MEODOMAIN
HOMOLOG 1 (SHH1) (Law et al. 2011).

Although the Pol IV complex contains several RdDMtpins, only RDR2 is as
critical as Pol IV for P4siRNA biogenesis (Kasschaual. 2007) (Chapter 2), and the
interaction between Pol IV and RDR2 have been om&fil by co-immunoprecipitation
experiments (Law et al. 2011; Haag et al. 20Ir2yitro transcription analysis of Pol IV-
RDR2 complex proteins using different mutant varsiondicated that Pol IV activity
does not require RDR2 and that RDR2 is not funetiamthe absence of Pol IV (Haag et
al. 2012). Based on these findings, it was propdisaetthe activities of RDR2 and Pol IV
are coupled for the synthesis of dsRNAs (Pikaar@le2012). The failure to detect
P4siRNA precursors in thelr2 background prompted us to re-evaluate the roR[@R2
(Chapter 2). For example, RDR2 may be essentiaP@rlV activity in vivo, either by
directly affecting Pol IV activity or the recruitme of Pol IV to chromatin loci.

Alternatively, RDR2 may simply affect the stabilay Pol IV-dependent transcripts.



SHH1, another Pol IV complex component, was alsntified in a forward
genetic screen in thesl mutant background with a silencR®29A-LUC transgene (Liu
et al. 2011a). Irshhl, both DNA methylation and P4siRNA abundance areretesed
(Law et al. 2011; Liu et al. 2011a) (Chapter 2fizating the involvement of SHH1 in
RdDM. Moreover, decreased Pol IV-occupatiorshihl indicates a role of SHH1 in Pol
IV recruitment. The crystal structure of the SHHAVBADEE domain suggests that this
particular domain adopts a tandem Tudor domainflkeé and functions as a chromatin-
binding module to read unmethylated H3K4 and metieg H3K9 on histone tails (Law
et al. 2013).

The Pol IV complex protein RDM4 was identified tigbuforward genetic screens
using two reporter lines under RADM regulation @iel. 2009b; Kanno et al. 2010). In
contrast to other RADM proteins, thém4 mutation leads to developmental phenotypes
of short siliques and partial sterility (He et2009b).RDM4 encodes a protein conserved
in yeast, Drosophila and human. The yeast homolog IWRL1 is characteriagda
transcription factor that interacts with Pol Il. Anabidopsis, RDM4 has been shown to
interact with the largest subunit of Pol Il (He &t 2009b). In therdm4 mutant,
P4siRNAs, Pol V-dependent scaffold transcripts &ud Il-dependent genes are all
affected, indicating that RDM4 may be a transcoiptfactor that interacts with several
RNA polymerases (Kanno et al. 2010). CLASSY1, arF3omain-containing protein,
was also identified from a forward genetic scresimg a silencing signal reporter line

(Smith et al. 2007). The same studies indicated Gh#&ASSY1 acts together with RDR2



and NRPD1 in P4siRNA biogenesis and the spreadefttansgene silencing signal,
which is consistent with the identification of CLAS1 as a Pol IV-complex protein.
After the dsRNAs have been generated by the PA&RINR2 complex, the
ribonuclease Il family protein DICER-LIKE 3 (DCL3)leaves the dsRNAs to generate
24 nt siRNAs (Cho et al. 2008; Liu et al. 2009).Arabidopsis, there are four DICER-
LIKE (DCL) proteins, DCL1, DCL2, DCL3 and DCL4. DQLis a miRNA biogenesis
factor that cleaves pri-miRNAs into pre-miRNAs apee-miRNAs into mature 21 nt
MiRNAs (Xie et al. 2003; Chen 2009). DCL2, DCL3 ab€L4 are associated with
different types of siRNAs. DCL2 generates 22 ntN#R from natural cis-acting
antisense transcripts (Mlotshwa et al. 2008) anderguired for the biogenesis of
virus/fungal-induced siRNAs (Garcia-Ruiz et al. @QDWeiberg et al. 2013). DCL4 is
required for the biogenesis of 21 nt tasiRNAs aostranscriptional silencing processes
(Liu et al. 2007) and has also been reported ttigyaate in the biogenesis of virus-
derived siRNAs (Garcia-Ruiz et al. 2010; Wang et24111). DCL3 generates 24 nt
P4siRNAs from heterochromatic regions to dirdenhovo methylation (Xie et al. 2004).
When DCL3 is absent, however, DCL2 and DCL4 acuneldntly to produce P4siRNAs
(Henderson et al. 2006) (Chapter 2). Once P4siRNWse been produced, the
methyltransferase HUA ENHANCER 1 (HEN1) adds a ryletiioup to the 3’ terminal

nucleotides (Yu et al. 2010).
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DRM2-mediated DNA methylation
After the generation of P4siRNA duplexes in thelaus, the duplexes are exported into

the cytoplasm and loaded onto ARGONAUTE 4 (AGO4)fdon the RISC complex
through the activity of HSP90 (lki et al. 2010; ¥eal. 2012). AGO4 was first named
based on its homology to AGO1 and was cloned froforavard genetic screen for
mutants with suppressed silencing of teabidopss SUPERMAN (SUP) gene
(Zilberman et al. 2003). IArabidopsis, there are ten AGO proteins, which are divided
into three clades (Vaucheret 2008). The four AGG@ns in the AGO4 clade, AGO4,
AGO6, AGOS8 and AGOQO9, play partially redundant robesd preferentially bind small
RNAs with a 5’ adenosine (Mi et al. 2008; MallorgdaVaucheret 2010). AGO6 was
isolated in a genetic screen for TGS factors usiregosl mutant and acts redundantly
with AGO4 (Zheng et al. 2007). AGO9 has been shoovbind 24 nt small RNAsn
vitro and is necessary for suppressing long terminaatepetrotransposons in the ovule
(Duran-Figueroa and Vielle-Calzada 2010). AGO8rabpbly a pseudogene, considering
its low expression and a splicing-induced framdtgakeda et al. 2008). The binding of
AGO4 to P4siRNAs leads to a conformational chanbat texposes the nuclear
localization signal, which facilitates the redibtriion of AGO4-P4siRNAs into the
nucleus. AGO4/Pol V/IP4siRNAs complex is assembhe@ajal bodies (Li et al. 20064a;
Pontes et al. 2006) but also facilitated by theseoved AGO-binding GW/WG motif in
the C-terminal domain of NRPE1, the largest Poludunit (EI-Shami et al. 2007; Till
and Ladurner 2007). The AGO4-P4siRNA complex isuited to chromatin loci by Pol

V-generated scaffold transcripts (Wierzbicki et24109).
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The plant-specific RNA polymerases Pol IV and Pare both composed of 12
subunits that are paralogous or identical to thrusits of Pol 1l (Ream et al. 2009). As
indicated above, Pol V transcribes long non-codiRigAs, which serve as scaffold
transcripts that facilitate heterochromatin forraatand the silencing of overlapping and
adjacent genes (Wierzbicki et al. 2008). These\RPgénerated transcripts have different
RNA structures than Pol II- and Pol IV- generateghscripts. Pol ll-generated RNAs
typically encode functional proteins and have ac&p and a 3’ polyA tail. Pol IV-
generated RNAs function as precursors of P4siRMAge a 5° monophosphate and lack
the 3’ polyA tail (Chapter 2). Finally, Pol V-gemed scaffold RNAs have a 5’ cap and
also lack the 3’ polyA tail (Wierzbicki et al. 2008The DDR protein complex (DRD1,
DMS3 and RDM1) and SUVH2/9 are required for therugment of Pol V to the
chromatin loci (Law et al. 2010; Zhong et al. 20d@hnson et al. 2014; Liu et al. 2014).

The scaffold transcripts generated by Pol V atdim®matin loci can also recruit
the de novo methyltransferase DRM2 (Law and Jacobsen 2010zkéatnd Mosher
2014). InArabidopsis, there are three DRMs: DRM1, DRM2 and DRM3. Altgbwboth
DRM1 and DRM2 are active methyltransferases, DRNZdcognized as the major
player becausdrm2 anddrml drm2 have similar CHH methylation patterns (Cao and
Jacobsen 2002). Because the catalytic motifs of BRIk rearranged, DRMS3 is not an
active methyltransferase, but it participates ia BdDM pathway by affecting DRM2
activity (Henderson et al. 2010). Recently, thestal/structure of the methyltransferase
domain inNicotiana tabacum DRM (NtDRM) revealed that NtDRM forms a homodimer

critical for its catalytic activity (Zhong et al024). In additionArabidopsis DRM2 has
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been shown to occur in the same complex as AGO4paaierentially methylates the
DNA strand that acts as the template for Pol V had greater P4siRNA abundance

(Zhong et al. 2014).

Additional factors participating in RADM
There are numerous RdADM factors in addition to ¢hastroduced above. KOW

DOMAIN-CONTAINING TRANSCRIPTION FACTOR 1 (KTF1) waglentified as an
RdDM factor from both a forward genetic screen dmom searching for AGO-
interacting GW/WG motif-containing proteins (BiethEve et al. 2009; He et al. 2009a).
KTF1, a homolog of SPT5 elongation factor, bindshoomatin loci subject to TGS and
functions as a facultative RNAP elongation factBoWley et al. 2011). This binding
occurs downstream of Pol V and parallel to (i:edependently of) AGO4 binding (He et
al. 2009a). AtMORC1 and AtMORCG6, members of thesemwed Microchidia (MORC)
adenosine triphosphatase (ATPase) family, weretifteh in a forward genetics screen
for mutants with increase®DC-GFP expression (Moissiard et al. 2012). AtMORC1 and
AtMORCG6 are required for the heterochromatin coisdéon that leads to TGS through
modest changes in DNA methylation (Moissiard et28l12). Using the GFP reporter
system, the ability of AtMORCG6 to form high ordemromatin structure was found to
influence RADM and to be required for the efficiemtiation or maintenance of DNA
methylation at some loci (Brabbs et al. 2013).

INVOLVED IN DE NOVO 2 (IDN2), a homolog of SUPPRES® OF GENE

SILENCING 3 (SGS3), was identified in three indeghemt forward genetics screens.
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The IDN2 gene was first isolated from a screen of a cabbacbf T-DNA insertion
mutants using=WA and Agrobacterium tumefaciens-mediated transformation in 2009
(Ausin et al. 2009). It was later isolated inagl suppressor screen (Zheng et al. 2010b)
and in a screen for RADM mutations usinBraNOS-NPTII reporter construct (Finke et
al. 2012). Mass spectrometric analysis of IDN2 fozation products indicated that IDN2
forms a complex with two partially redundant pagsplIDN2 PARALOG 1 (IDP1) and
IDN2 PARALOG 2 (IDP2), and that IDN2 acts downstreaf the RdDM pathway
(Ausin et al. 2012b; Xie et al. 2012a; Zhang et28l12). In contrast to IDP1 and IDP2,
the RNA recognition motif of the IDN2 XS domain pets the binding of dsRNAs by
IDN2; additionally, the XH domain of IDN2 is reqatt for its interaction with IDP1 and
IDP2 (Ausin et al. 2012b; Zhang et al. 2012). Tieraction of the IDN2-IDP complex
with the SWI/SNF chromatin remodeling complex mawbgize the base-pairing
between P4siRNAs and Pol V-generated scaffold ¢rgsts and stabilize the nucleosome
positions (Zhu et al. 2013; Matzke and Mosher 2014)

Recently, splicing factors were also discoveredRd®M pathway components
(Huang and Zhu 2014). In a forward genetic scregnguanFWA transgene as the
reporter, ARGININE/SERINE-RICH 45 (SR45), a membéa highly conserved family
of spliceosome proteins, was isolated from a |mtedring mutant (Ausin et al. 2012a).
In another screen usimRP29A-LUC and35SNPTII constructs, two splicing factors were
identified (Huang et al. 2013; Zhang et al. 20I3)e pre-mRNA splicing factor RDM16,
a component of the U4/U6 snRNP protein complexeagiired for biogenesis of Pol V —

dependent scaffold transcripts but not that of RM#is (Huang et al. 2013). ZOP1, an
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OCRE domain-containing protein, was identified assg@icing factor through its
interactions with spliceosome and intron-retentomponents; theopl mutant exhibits
both reduced DNA methylation and lower P4siRNA atance (Zhang et al. 2013). The
RRP6-like splicing factor STAL1 was isolated as a ADMethylation factor using
methylation-sensitive Chop-PCR of t#¢SN1 locus from a pool of T-DNA insertion
mutants (Zhang et al. 2014). Similar to thepl mutant, both DNA methylation and
P4siRNA abundance are decreasestafi. Because P4siRNA precursors lack introns, the
effect of splicing factors on P4siRNA abundance inesindirect probably through CHH

DNA methylation (Chapter 2).

CMT2-mediated de novo DNA methylation
RdDM is a well-establishedle novo methylation pathway targeting loci spread

throughout euchromatic regions (Chapter 2) (Wieanzbet al. 2012). IrArabidopsis, the
methyltransferase CMT2, a homolog of CMT3, is resioe for the maintenance of
CHH methylation that is concentrated at pericengnoregions (Chapter 2). Among the
three chromomethylases Arabidopsis (CMT1, CMT2 and CMT3), CMT1 appears to
play a minimal role based on its low expressiorelevand truncated form in many
Arabidopsis ecotypes (Henikoff and Comai 1998). CMT3 prefemhtimethylates CHG
over CHH (Du et al. 2012), while CMT2 methylatesth@HG and CHH sites with high
activity in vitro (Stroud et al. 2014). The greater loss of CHG wlatlon in cmt2 cmt3

than incmt3 is indicative of the redundant role of CMT2 in CH@ethylationin vivo.
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Additionally, the strong elimination of CHH methtitan in cmt2 indicates that CMT2
preferentially methylates CHH lo¢btroud et al. 2014).

The nucleosome remodeler DDM1 can facilitate CM€2eas at H1-containing
heterochromatic regions (Zemach et al. 2013). TwgetDDM1 and CMT2 tend to
methylate CHH at long transposons at pericentramegions, while DRM2-mediated
RdDM tends to target CHH sites of short transpostispersed along the chromosome
arms (Chapter 2) (Zemach et al. 2013). In othed®&o€MT2 and DRM2 can control all
of the CHH methylation throughout the genome witmast no overlapping sites
between them (Chapter 2) (Stroud et al. 2014)Adabidopsis, P4siRNAs and CHH
methylation are highly correlated and peak at tliegcpntromeric regions (Chapter 2). In
a mutant with disrupted Pol IV function, the log$PdsiRNAs leads to CHH methylation
only at DRM2-targeted loci in the euchromatic armgiere CHH methylation and
P4siRNA abundance are high. Although P4siRNAs andyxced at low levels at CMT2-
targeted pericentromeric loci, the loss of P4siRNdags not lead to the loss of CHH
methylation, which indicates that P4siRNAs are nequired in the CMT2/DDM1

methylation pathway (Chapter 2).

The active demethylation process

Active demethylation is important for developmenpabcesses and prevents stochastic
methylation at gene regions in both plants and alsnGlobal epigenetic reprogramming
in primordial germ cells and in the early embrygadlves active demethylation and the

loss of histone modification. It has been propo#eat active demethylation involves
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oxidation or deamination and the base excisionird&R) pathway (Kohli and Zhang
2013). Ten-eleven-translocation (TET), a 5-methigsine hydroxylase, can modify
5mC through oxidation to generate 5-hydroxymethygsiye (5hmC) (Tahiliani et al.
2009). Moreover, TET can sequentially oxidize 5mQ@énerate 5-formylcytosine (5fC)
and 5-carboxylcytosine (5caC) (Ito et al. 2011)DA&ctivation-induced deaminase) and
APOBEC (apolipoprotein B mRNA-editing catalytic gpeptides) can deaminate 5hmC,
but not 5mC, into 5hmU (Bhutani et al. 2010). ThgeniDNA glycosylase (TDG)
exhibits high glycosylase activity on 5hmU and 5ca@er than 5hmC (Cortellino et al.
2011), and the gap cleaved by TDG is replaced umimethylated cytosine through the
BER pathway to complete the active demethylatiamtess (Gong and Zhu 2011).

The demethylation process has been studied moreughly in plants than in
animals, and this study was initiated by the discpwf two glycosylases, DEMETER
(DME) and REPRESSOR OF SILENCING 1 (ROSDME was identified from a
mutant with parent-of-origin effects on seed vidpibnd with seed abortion caused by
impaired endosperm and embryo development (Choialet2002). DME, a 5'-
methylcytosine glycosylase, is primarily expressedthe central cell of the female
gametophyte and activates the expression of matenminted genes, such &WA,
MEA, FIS andMPC (Zhu 2009)ROSL, also known a®EMETER-LIKE 1 (DML1), was
discovered in a forward genetic screen using adrase reporter gene driven by the
RD29A promoter, which is sensitive to salt, droygiatild and abscisic acid (Gong et al.
2002). Unlike the restricted expression of DMR, RGSwidely expressed in all tissues,

which suggests a more general role of ROS1 in ¢éimeethylation process. Krabidopsis,
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the DEMETER-LIKE (DML) proteins DML2 and DML3 arexpressed in a wide-range
of plant tissues and act redundantly with ROS1 ativa demethylation (Lister et al.
2008; Ortega-Galisteo et al. 2008). Although DNAcglsylases can be classified as
mono-functional or bi-functional, all of these foérabidopsis proteins have both
glycosylase activity (to hydrolyze the glycosylioral between a base and deoxyribose)
and lyase activity (to nick the DNA backbone at @lasic site) (Zhu 2009). With both of
these enzymatic activities, the DML glycosylase ifgroan cleave thé&-glycosidic bond

to release the methylated cytosine, thereby gdangran abasic site, then break the
phosphodiester linkage to generate a single nudkegap in the methylated DNA. This
gap is subsequently repaired by as yet unidentBiidA polymerases and DNA ligases
through the BER pathway (Law and Jacobsen 2010).

In addition to the glycosylase proteins, sevethkepfactors facilitate the active
demethylation function of ROS1. ROS3, identifiednfr the same screen as ROSI1,
contains an RNA recognition motif that binds snfiINAs (Zheng et al. 2008). In light of
the fact that ROS1 and ROS3 act in the same gepatiiwvay and co-localize throughout
the nucleus, it was proposed that DNA demethylabgrROSL1 is targeted to specific
sequences by ROS3-bound RNAs (Zheng et al. 2008)CREASED DNA
METHYLATION 1 (IDM1)/RO%4, a histone acetyltransferase, was identified o tw
independent screens, the screen in WRESE1 was identified and a screen using Chop-
PCR to detect DNA methylation levels in a collentmf T-DNA insertion mutants (Li et
al. 2012; Qian et al. 2012). IDM1/ROS4 was showrutaction in the ROS1 pathway

through single-loci DNA methylation level analysiad the overlap of targeted loci in

18



genome-wide analysis of single and double mutald$11/ROS4 acetylates H3 at
chromatin sites without H3K4 di- or trimethylatiém create a chromatin environment for
ROS1 function (Qian et al. 2012). Like ROS4, ROSts wdentified in two independent
screens and is also knownI&M2 (Qian et al. 2014; Zhao et al. 2014). IDM2/ROSS5, a
protein in the small heat shock protein family wéh a-crystallin domain, physically
interacts with IDM1/ROS4 and partially colocalizegth IDM1/ROS4 in the nucleus.
These properties indicate that IDM2/ROS5 parti@pah active DNA demethylation by
regulating IDM1/ROS4 (Qian et al. 2014; Zhao e2éi14).

ZDP was identified as a ROS1 pathway factor throutgh homology to
polynucleotide kinase 3’ phosphatase (PNKP) in atgniMartinez-Macias et al. 2012).
In the active demethylation process of ROS1, theavdge of the phosphodiester
backbone by-elimination generates a single nucleotide gapkéanby 3’ phosphate and
5’ phosphate termini. Since all of the DNA polynmsga require a 3’ hydroxyl terminus to
initiate synthesis, the 3’ phosphate must be remowdich is performed by PNKP in
animals (Jilani et al. 1999). In plants, the PNKiiolog ZDP can remove the blocking
3’ phosphate to permit the subsequent activityhef BER pathway. Additionally, ZDP
interacts with ROS1n vitro, and the two proteins colocalize in nucleoplasfo in
vivo. Methylome analysis ofdp uncovered hundreds of hypermethylated endogenous
loci, indicating that ZDP functions downstream bttROS1 demethylation pathway

(Martinez-Macias et al. 2012).

19



The regulatory roles of histone modifications

Histones are a family of highly alkaline proteinghwpositive charges that allow them to
associate with negatively charged DNA to form mustenes, the core components of chromatin
(Kornberg 1977). There are five major histone feasilthe core histones, H2A, H2B, H3 and
H4, and the linker histones, H1 and H5 (Berger 26@h and Roberts 2006). Although the basic
histone octamer structure of nucleosomes alwaygdies two copies of each of the four core
histone proteins, the octamer can be modifieddulag gene function, either through different
histone subunit variants or post-translational freadions of the histone subunits.

Histone variants may differ from a major histoneobjy a few amino acids and confer
specific effects on nucleosome structure and fmdinttp:// www.nature.com/subjects/histone-
variants). Histone variants contribute to a variety chromatin functions, including
transcriptional repression and activation, heteratiatic barriers, genome stability,
DNA repair and chromatin segregation (Kamakaka Biggdjins 2005). The majority of
histone variants are H2A and H3 subtypes, while H2B only a limited number of
variants. No variants have been detected for H4Adabidopsis, H2A.Z has been
correlated with DNA methylation and associated wilsponses to environmental and
developmental stimuli (Coleman-Derr and Zilbermai2). Another histone variant,
H2A.W, is required for heterochromatin condensatemd functions together with
H3K9me2 and DNA methylation marks to control travsmn expression (Yelagandula et
al. 2014). The two main histone H3 variants (H31@l &3.3) have distinct locations and
functions. InArabidopsis, H3.1 is associated with silencing histone markduding

H3K27, H3K9 and DNA methylation, while H3.3 is asgded with actively transcribed
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genes; the active histone marks include histone 43iKethylation and H2B
ubiquitynation (Stroud et al. 2012).

Since the pioneering studies by Vincent Allfrey the possible roles of histone
acetylation and methylation on gene expressionlatgu (Allfrey et al. 1964), the effects of
post-translational modifications of histones an& naore fully understood. At present, more than
200 distinct post-translational histone modificagidnave been identified, including acetylation,
phosphorylation, methylation, ubiquitynation, sutatgn, deiminationf3-N-acetylglucosamine,
ADP ribosylation, histone tail clipping, histoneolime isomerization and histone lysine
crotonylation (Bannister and Kouzarides 2011; Tah €011).

Histone acetylation is the addition of an acetydbuyr to thes-amino group of
lysine side chains, with dynamic regulation by ¢t acetyltransferases (HATs) and
histone deacetylases (HDACs). The addition of aahegly charged acetyl group can
neutralize a positively charged lysine and loogendhromatin structure to allow active
transcription (Bannister and Kouzarides 2011). dtistphosphorylation is the addition of
a negatively charged phosphate group onto serirtesgonines and tyrosines
preferentially within the N-terminal histone taAs with histone acetylation, histone
phosphorylation is a dynamic active mark reguldigdwo opposing enzymes: kinases,
which phosphorylate histones, and phosphataseshwieimove the phosphate group.
Histone phosphorylation can either associate wetidensed or de-condensed chromatin
depending on the modification locus (Wei et al. &98trahl and Allis 2000). Histone
ubiquitynation and sumoylation are the additiommadno- or poly-ubiquitin proteins or

small ubiquitin-like modifier (SUMO) proteins, resgively, and result in relatively
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small molecular changes to amino acid side chagmpared to other modifications.
Histone ubiquitynation, achieved through the setakmaction of El-activating, E2-
conjugating and E3-ligating enzymes, primarily ascat H2A and H2B and participates
in many regulatory processes within the nucleusluding transcription initiation and
elongation, silencing and DNA repair (Sridhar et2007; Weake and Workman 2008;
Schmitz et al. 2009). Histone sumoylation has lsetected on all core histone subunits
and plays a role in transcriptional repression hyagonizing acetylation and
ubiquitynation (Shiio and Eisenman 2003; Nathaal.e2006).

Histone methylation primarily occurs on lysine aadjinine. Histone arginine
methylation is performed by a complex that inclugestein arginine methyltransferase
(PRMT), and while the histone lysine methylationquiges a specific histone
methyltransferase (HMT) containing a conserved Sf6main. Unlike other histone
modifications, he histone modification does not change the chésticacture of the histone,
however, it can be recognized by proteins with Tuckiromo, PWWP, MBT or PHD domains
(Bannister and Kouzarides 201 1ffor example, the hum&pindlinl, a protein with triple
Ttudor-like Spin/Ssty repeats, can sense a cishmtone H3 methylation pattern
involving trimethyllysine 4 (H3K4me3) and asymmetdimethylarginine 8 (H3R8me2a)
marks (Su et al. 2014).

Histone lysine methylation is one of the best stdd#pigenetic marks and occurs
at several positions, including H3K4, H3K9, H3K143K27, H3K36, H3K79 and
H4K20; additionally, the number of methyl groupsled can vary (Berger 2001; Roudier

et al. 2011). Depending on the position and nundfemethyl groups added, histone
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lysine methylation could be an active or repressnagk. For example, H3K4me3 is a
conserved active mark observed in many organismisiding Tetrahymena, yeast and
Arabidopsis (Strahl et al. 1999; Santos-Rosa et al. 2002; gretral. 2009). Studies in
human cells indicate that H3K4me3 activates gearestrription at two mechanistic levels
(Nishioka et al. 2002). First, H3K4me3 inhibits thesociation of the deacetylase NURD
complex with the H3 tail. Second, H3K4me3 specificampairs Suv39hl-mediated
H3K9me2, thereby thwarting heterochromatin formmati®ther studies have shown that
H3K4me3 can recruit chromatin remodeling factongluding chromodomain helicase
DNA binding protein (CHD1) and bromodomain and P@main transcription factor
(BPTF), to open chromatin (Flanagan et al. 200%tlal. 2006b) and prevent the binding
of repressive complexes such as inhibitor of atretysferases (INHAT) (Schneider et al.
2004). InArabidopsis, H3K4me3 marks are deposited by ATX1 and ATXR3 anel
primarily located in promoters and 5’ genic regioimsa manner mutually exclusive with
DNA methylated regions (Zhang et al. 2009; Guole2@10). H3K9 methylation is a
well-studied repressive mark maintained by SUV39K56a (Rea et al. 2000; Tachibana
et al. 2002), and numerous studies have demordgtthee silencing effects of H3K9
methylation. These effects have been particulayl wxplored usingXenopus oocytes
(Stewart et al. 2005). H3K9 methylation can suppregne expression through
HETEROCHROMATIN PROTEIN 1 (HP1) recruitment or thgh a mechanism
involving histone deacetylation. Because directenattion between SUV39H1 and HP1
is necessary for HP1 recruitment in addition to K3Kethylation, SUVH39H1-targeted

H3K9 loci can recruit HP1, while G9a-targeted loannot. In plants, the most abundant
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H3K9 methylation is H3K9me2, which is maintained®yVH4/5/6 (Stroud et al. 2014).
As previously introduced, H3K9me2 is important fbe recruitment of CMT3, a major

CHG methyltransferase for CHG methylation mainteean

Arabidopsis SET domain proteins
The SET domain was first recognized as a consedgathin in the followinddrosophila

proteins: Suppressor of variegation 3-9 (Su(val)BF8chiersch et al. 1994), Enhancer of
zeste (E(z)) (Jones and Gelbart 1993) and TRITHORRXX) (Stassen et al. 1995). All
of the presently known histone lysine methyltrarefes contain a SET domain
harboring methyltransferase activity, with only omxception: DISRUPTOR OF
TELOMERIC SILENCING 1 (DOT1, also called KMT4) arldOT1-LIKE (DOT1L)
possess histone methyltransferase activity towatbie H3K79 but do not have SET
domains (Nguyen and Zhang 2011).

The SET domain proteins in maize aAdabidopsis, a monocot and dicot,
respectively, can be grouped into five classesasephylogenetic analysis and domain
organization (Springer et al. 2003). The SET donmiteins are also known as SET
DOMAIN GROUP (SDG) proteins, and some of these gnst are disrupted by
insertions 50 to 120 amino acids in length in tBEd $lomain (Jenuwein and Allis 2001).
In Arabidopsis, class | SET proteins include the following E(zhologs: EZA1/SDG10,
CLF/SDG1 and MEA/SDGS5. In addition to the SET domaihese proteins contain
SANT domains (SWI3, ADA2, N-CoR and TFIlIIB DNA-bimdy domains) with

nonspecific DNA-binding activity and are polycomtsgp (PcG) proteins responsible
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for H3K27me3. Class Il SET proteins include four &6 proteins (ASSH1/SDG26,
ASSH2/SDG8, ASSH3/SDG7 and ASSH4/SDG24) and thisel ARELATED proteins
(ASHR1/SDG37, ASHR2/SDG39 and ASHR3/SDG4) and ase@ated with mono-, di-
and trimethylation of H3K36 (Xu et al. 2008; Valea®lorales Mdel et al. 2012). In
addition to the conserved ASSOCIATED WITH SET (AW SET domains, class Il
SET proteins contain several other domains, inalgild® WWP (domain containing Pro-
Trp-Trp-Pro motif), PHD (plant homeodomain), broarad BAH domains. Class Il SET
proteins encode TRX orthologs with conserved PWWIRD and FYP/DAST domains.
The five class Il SET proteins irabidopsis are ATX1/SDG27, ATX2/SDG30,
ATX3/SDG14, ATX4/SDG16 and ATX5/SDG29. ATX1 and APXare required for
H3K4 methylation (Zhang et al. 2009), while the dtions of the other three ATX
proteins have not yet been reported. Class IV SBEhain proteins are ATX-related
(ATXR) proteins with PHD and SET domains, and teeesArabidopsis ATXR proteins
exhibit methyltransferase activity on different ifyss or have unknown functions.
ATXR3/SDG2 is the major H3K4me3 methyltransferaBer( et al. 2010; Guo et al.
2010); ATXR5/SDG15 and ATXR6/SDG34 function reduntiain controlling the level
of H3K27mel (Jacob et al. 2009); and ATXR7/SDG2fequired for H3K4 methylation
at the FLC locus (Tamada et al. 2009). The functions of ATXH1G35,
ATXR2/SDG36 and ATXR4/SDG38 have not been charaxetdr

Arabidopsis class V SET proteins, representing the largest Biotein family,
encode Su(var)3-9 orthologs and include ten SUV#ifare SUVH-RELATED (SUVR)

proteins. The SUVH proteins contain SRA, pre-SEHT &nd post-SET domains and can
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be divided into the four following clades: SUVH1U®$H2, SUVH4 and SUVH5
(Naumann et al. 2005). SUVH4/SDG33, SUVH5/SDG9 &tuivH6/ SDG23, which
belong to the SUVH4 and SUVHS5 clades, are the magative H3K9me2
methyltransferases (Ebbs and Bender 2006; Stroadl @014). The SUVH2 subgroup
members SUVH2/SDG3 and SUVH9/SDG22 are RADM factequired for Pol V
occupancy at DNA-methylated regions (Johnson et2@l4; Liu et al. 2014). No
functions have been reported for any of the SUVHDtgins, which include
SUVH1/SDG23, SUVH3/SDG19, SUVH7/SDG17, SUVH8/SDG21 and
SUVH10/SDG11 (Naumann et al. 2005). The five SUMRtgns lack SRA domains.
SUVR5/SDG6 contains a zinc figure/C2H2 domain, arfUVR1/SDG13,
SUVR2/SDG18 and SUVR4/SDG31 all contain a consery&dlYLD domain
(Thorstensen et al. 2006; Caro et al. 2012). SU\WR®IS free ubiquitin through its
WIYLD domain and converts H3K9mel to H3K9me3 anhgposons and pseudogenes
(Veiseth et al. 2011). SUVRS5 is reported to medidd&9me2 deposition independently
of DNA methylation (Caro et al. 2012). Recently, \RR/SDG18 was found to
participate in RADM process by association with 3MRromatin remodeler through a
forward-genetic screen (Han et al. 2014) and mpsstometry analysis of the
immoprecipitation product of SUVR2/SDG18 (Grothaét2014). SUVR1/SDG13 is also
in the same complex with SUVR2/SDG18 and plays mahundant roles in gene
silencing (Han et al. 2014). In contrast, no mstonethyltransferase activities have been

reported for SUVR3/SDG20.
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The interplay among different epigenetic modificatons

DNA, which carries genetic information, is one cament of chromatin along with
histones and non-histone proteins; thus, transonakt epigenetic regulation is
accomplished through the combined effects of DNAJ dmstone modifications. A
number of recent studies have shed light on thisptex interaction, which encompasses
the following: the effects of DNA methylation andstone modifications, the interplay
and crosstalk among different modifications anddffect of other factors on DNA and
histone modification.

Genome-wide data frorrabidopsis have shown that the levels of CG, CHG and
CHH DNA methylation are 24%6.7% and 1.7%, respectivel{Cokus et al. 2008)
Comprehensive methylome profiling Afabidopsis mutants with silencing defects have
helped uncover the interdependence of these thipss tof DNA methylation (Stroud et
al. 2013). Inmetl, the loss of CG methylation is accompanied bydatgcreases in CHG
and CHH methylation. Additionally, MET1-dependent@ loci largely overlap with
CMT3- and SUVH4/5/6-dependent CHG loci. One potdntmechanism is that
SUVHA4/5/6 are recruited to chromatin loci for histomethylation through their SRA
domains and binding to methylated cytosines. Bex&{S methylation is the most highly
methylated DNA methylation type, the loss of CG Imyédtion may affect SUVH4/5/6-
directed H3K9me2 methylation, consistent with tbeslof H3K9me2 imetl (Deleris et
al. 2012). Consequently, H3K9me2-dependent CMT3ruienent required for C
methylation in the CHG context would also be a#ectDu et al. 2012). MET1-

dependent CHH methylation loci largely overlap wiliRM1/2-dependent CHH loci
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rather than overlapping with CMT3- and SUVH4/5/Gdedent CHH loci, which
suggests that MET1 regulates CHH through a diftepathway. The recent findings that
methyl-DNA binding proteins (SUVH2 and SUVH9) paitiate in the RADM pathway
mediated by DRM2 raise the possibility that MET1eafs CHH methylation at RdDM
loci by affecting SUVH2 and SUVH9 function. lomt3 or suvh4/5/6, the CHG
methylation level is largely decreased, howeves,@iHH methylation level at loci where
the CHH methylation is maintained by DRM2 is onlgahestly reduced while that at loci
where the CHH methylation is maintained by CMT2gigatly reduced. The lower
percentage of CHG methylation among the three segueontexts may help explain the
reduced impact on CHH methylation observed at DRi#ntained loci. There are two
possible explanations for the decreased CHH metbglabserved at CMT2-dependent
CHH loci. The first possibility concerns the redantiroles played by CMT2 and CMT3
in CHG methylation. When CMT3 is absent, increaseahpensatory CMT2 function at
CHG loci may compromise the role of CMT2 at CHHilddn the other hand, CMT2
functions through the chromatin-remodeling prot&®M1 and linker histone H1
(Zemach et al. 2013), which suggests that chronmsttuncture is important for CMT2
function. Incmt3 andsuvh4/5/6, CHG methylation and H3K9me2 are strongly affected i
heterochromatic regions, which may lead to chromegimodeling and thus affect CHH
methylation. Reflecting their relative levels iretgenome, CG methylation (high) may
affect CHG and CHH methylation (moderate and lowspectively), and CHG

methylation may affect CHH methylation. Consistgntthe impact in the reverse
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direction (i.e., the impact of CHG methylation o1 Gnethylation and the impact of
CHH methylation on either CH or CHG methylationjrigial (Stroud et al. 2013).

As previously described, CHH methylation requitee de novo methylation
pathway and guidance signals, such as P4siRNAsyettylate specific loci. Although
P4siRNAs are virtually eliminated when Pol IV fuioct is compromised, CHH
methylation is affected at DRM2-targeted loci bat at CMT2-targeted loci (Chapter 2).
The fact the DRM2-targeted loci are primarily leehtin the euchromatic arms where
epigenetic marks are rare probably underlies tligspensable roles of P4siRNASs in
directing RADM at these loci (Chapter 2). The caortigion of CMT2-targeted loci at
heterochromatic regions and the dependency on DBiuiIH1 suggest that higher order
chromatin structures may function as guidance $sgaiathese loci.

The impact of DNA methylation on chromatin struetuhas been well established
through numerous studies (Keshet et al. 1986; ®atland Esteller 2002; Martinowich et al.
2003; Gilbert et al. 2007), but the underlying naeitms are not well understood. At present,
there are two conserved domains known to recodit& methylation: the SET and RING-
associated (SRA) domain (Rajakumara et al. 20l jlnMETHYL-CpG-BINDING domain
(MBD) (Fournier et al. 2012). The investigatiorttud latter began with the discovery of MeCP2
(Lewis et al. 1992), the first protein found to dimethylated cytosines. MBD proteins are
usually associated with other chromatin-associdtedains (e.g., the bromo, SET and PHD
finger domains) that promote histone deacetyladdmtone methyltransferase activity (Jones et
al. 1998; Nan et al. 1998; Zhang et al. 1999; fetilked. 2003a; Bogdanovic and Veenstra 2009).

For example, MeCP2 may function as a bridge betwBiA methylation and H3K9
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methylation (Fuks et al. 2003b), and MBD1 interaetth the SUVH39H1 and HP1
heterochromatin complex to achieve transcripti@iahcing (Fujita et al. 2003). Of the 13
MBD-containing proteins irArabidopss, only AtMBD5, AtMBD6 and AtMBD7 have been
confirmed to bind methyl CpG and to colocalize e thighly methylated chromocenters
(Zemach and Grafi 2007). The underlying mechanisiBD in Arabidopss is unclear, but
interactions with DDM1 and HDAC have been dete(@&sinach et al. 2005; Zemach and Grafi
2007).

SRA domain-containing proteins also play a roleannecting DNA methylation with
other epigenetic marks. In mammals, ubiquitin-Mah PHD and RING finger domains 1
(UHRF1) binds methylated CpG through the RING-daset SRA domain to recruit DNA
methyltransferase DNMT1 to maintain DNA methylatauring DNA replication (Rajakumara
et al. 2011). IArabidopsis, the VARIANT IN METHYLATION (VIM)/ORTHRUS (ORTH)
family includes homologs of UHRF1 that play similales (Kim et al. 2014). SUV39H1 and its
homologs, with both SRA and SET domains, can netinyH3KO by binding methylated
cytosines. (TheArabidopss SUVH protein family was introduced in detail inettsection
describing the SET domain proteins.) Ultimately, ail these DNA methylation-associated
proteins link DNA methylation to repressive chromanarks (namely, DNA methylation,
H3K9me2 and histone deacetylation).

The diversity of possible histone modificationstéiat the complexity of the crosstalk
among different modifications. The occurrence tiéant modifications on the same amino acid,
e.g., acetylation, methylation and ubiquitynationlysine, raises the possibility of competitive

antagonism. Additionally, one type of modificatimay stimulate another. For example, findings
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in yeast indicate that H2B monoubiquitination byl&8rel can regulate H3K4 methylation by
COMPASS and H3K79 methylation by Dotl through thetol of Cps35, which is required for
the activity of the COMPASS complex and proper H3Kiiethylation (Lee et al. 2007). In
Hela cells, H2K34 ubiquitynation mediated by thé\®&lIfinger protein MSL2 in the MOF
complex is important for global H3K4me3 and H3K72rtt@ough trans-tail crosstalk (Wu et al.
2011). In an opposing manner, a given modificati@y be abolished by another modification.
For example, the chromodomain of Eaf3, a subutiitaractive deacetylase complex, recognizes
Set2-methylated histone H3K36 and initiates Rpd&celylase activity (Lee and Shilatifard
2007).

Histone modifications may also affect other epagiermarks such as DNA methylation.
As described above, thde novo methyltransferase DNMT3 requires the inactive Ipgra
DNMTS3L to stimulate its enzymatic activity. The DN#nding affinity of DNMT3A is blocked
by the interaction of the ATRX-DNMT3-DNMT3L (ADD)odhain with the catalytic domain
(CD), while the binding of H3K4meO may disrupt tABD-CD interaction and stimulate the
enzymatic activity of DNMT3 (Guo et al. 2014).Anabidops's, a mild reduction of RADM has
been observed in several H3K4 demethylase mutaistading jumonji 14 (jm14), lysne-

gpecific demethylase 1-like 1 (Id11) andldl2 (Greenberg et al. 2013).

Perspective

Regulatory mechanisms are critical for the develeptal processes of organisms and
their ability to respond to environmental stimukach regulatory factor must be

coordinated to turn genes on or off at the projpee &and location. At the epigenetic level,
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DNA and histone modifications and the resulting othatin structure changes are
fundamental regulatory mechanisms. The well-studiedulation of FLOWERING
LOCUSC (FLC) is a good example. In the early embriyaC is expressed at high levels
due to the function of several conserved complexas$ modifications, including the
RNA polymerase-associated factor 1 complex (Pafl®2B ubiquitination;
H3K4me2/me3 through ATX1, ATX2 and ATXR7; H3K36 rhglation through
EFS/SDGS; and the chromatin-remodeling complex VBRUAP and FRIDIDA (FRI)
with coiled-coil domains (Crevillen and Dean 2013%png et al. 2013). During
vernalization FLC transitions from active expression to a silendatkesthrough a series
of steps. After two weeks in the colel.C transcription is greatly reduced, tREC gene
loop is disrupted, and the expression ofFi€ antisense transcript called COOLAIR is
increased. After three weeks, expression of anolbeeg non-coding RNA, named
COLDAIR, helps recruit the histone methyltransferasibunit of Polycomb repressive
complex 2 (PRC2) to deposit H3K27me3 at Fi&C locus (Song et al. 2013). The cold
stimulus also induces a conserved interaction EwBRC2 and PHD-containing
proteins, including the constitutively expressedRNALIZATIONS (VRN5/VIL1) and
VERNALIZATIONS/VIN3-LIKE 1 (VEL1) proteins and the cold-induced
VERNALIZATION INSENSITIVE 3 (VIN3) protein (Song eal. 2013). When the plants
are returned to warm conditions, the interactiotwben PRC2 and PHD-containing
proteins spreads throughout the enfiteC locus, and this is accompanied by an increase
in H3K27me3. The maintenance BLC silencing also requires the binding of LIKE

HETEROCHROMATIN PROTEIN1 (LHP1) to H3K27me3 through chromodomain

32



and other factors such as VERNALIZATION1 (VRN1), ialn has two plant-specific B3
domains (Song et al. 2013). The regulatiofrb€ demonstrates how the precise control
of gene regulation may involve numerous proteimsgenetic modifications and DNA
sequence elements. Thus, our expanding knowledgpigknetic modifications helps

improve our understanding of the complexity andoscof gene regulatory networks.
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Chapter 2. Detection of Pol IV/RDR2-dependent transipts at the genomic scale in

Arabidopsis reveals features and regulation of SIRNA biogenesi

Abstract

24 nucleotide small interfering (SIRNAs) are cehfptayers in RNA-directed DNA
methylation (RdDM), a process that establishes ar@intains DNA methylation at
transposable elements to ensure genome stabilitglants. The plant-specific RNA
polymerase IV (Pol 1V) is required for siRNA biogesis and is thought to transcribe
RdDM loci to produce primary transcripts that aomverted to double-stranded RNAs
(dsRNAs) by RDR2 to serve as SiRNA precursors. Yet, such siRNA precursor
transcripts have ever been reported. Here, thrgegiome-wide profiling of RNAS in
genotypes that compromise the processing of siRi&yrsors, we were able to identify
Pol IV/IRDR2-dependent transcripts from tens of sands of loci. We show that Pol
IV/IRDR2-dependent transcripts correspond to bothADstrands, while the RNA
polymerase Il (Pol Il)-dependent transcripts pratliapon de-repression of the loci are
derived primarily from one strand. We also show #al IV/RDR2-dependent transcripts
have a 5 monophosphate, lack a polyA tail at therl, and contain no introns; these
features distinguish them from Pol lI-dependemtdcaipts. Like Pol ll-transcribed genic
regions, Pol IV-transcribed regions are flanked AAT-rich sequences depleted in
nucleosomes, which highlights similarities in Pleldnd Pol IV-mediated transcription.
Computational analysis of sSiRNA abundance fromaimutants reveals differences in

the regulation of siRNA biogenesis at two typedoai that undergo CHH methylation
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via two different DNA methyltransferases. Thesadliitgs begin to reveal features of Pol

IV/RDR2-mediated transcription at the heart of garcstability in plants.

Introduction
In plants and mammals, DNA methylation influencesa expression and represses

transposable elements (TEs) to ensure genomeigtaDINA methylation occurs at CG,
CHG and CHH (H represents A, C, or G) sequenceestsin plants (Law and Jacobsen
2010). In Arabidopsis, the methyltransferases DRM2 and CMT2 establishADN
methylation in all sequence contexts and maintaymenetric CHH methylation (Cao
and Jacobsen 2002; Zemach et al. 2013). The mamtenof symmetric CG and CHG
methylation is mediated by MET1 and CMT3, respagyi{Stroud et al. 2013).

In Arabidopsis, RNA-dependent DNA Methylation (RdADM) mediated DRRM2
deposits DNA methylation at TEs to cause theirgcaptional silencing (Wierzbicki et
al. 2008). 24 nucleotide (nt) siRNAs serve as thgqusnce determinants that guide
DRM2 to RdDM target loci (Mosher et al. 2008). Tlant-specific RNA polymerase IV
(Pol 1V) is thought to transcribe the RADM loci fwoduce single-stranded RNAs
(ssRNAs), which are converted to double-strandedARNdsSRNAS) by RNA-
DEPENDENT RNA POLYMERASE?2 (RDR2) (Xie et al. 2004a et al. 2009). DICER-
LIKE3 (DCL3) cleaves the dsRNAs to generate 24iRNg\s (Cho et al. 2008; Liu et al.
2009), which associate with AGO4 (Qi et al. 2008nother plant-specific RNA
polymerase, Pol V, produces nascent non-codingsdrgis that recruit SiRNA-

containing AGO4 to RdDM loci (Wierzbicki et al. 200with the assistance of both the
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SUVH2/9 proteins (Johnson et al. 2014) and the DdoRplex (composed of DRD1,
DMS3 and RDM1) (Zhong et al. 2012; Johnson et @lL43. This association aids the
recruitment of DRM2 leading to cytosine methylatifraw et al. 2010; Zhong et al.
2014). In the genome, loci that produce siRNAs laghly correlated with those that
harbor CHH methylation (Lister et al. 2008). LodsstRNAs in mutants oNRPD1
encoding the largest subunit of Pol IVRIDR2 results in decreased CHH methylation at
numerous loci, usually those residing in euchromaliromosomal arms and requiring
DRM2 for methylation (Wierzbicki et al. 2012). A@r pathway mediated by CMT2
together with DDM1 and histone H1 also maintainsHoiHethylation, but mainly acts at
pericentromeric regions (Zemach et al. 2013; Streudl. 2014). Together, DRM2 and
CMT?2 are responsible for nearly all CHH methylationthe genome, and the DRM2-
targeted and CMT2-targeted sites are non-overlgpgMthough siRNAs are generated
at both DRM2-targeted and CMT2-targeted sites, #iRMre not required for the
maintenance of CHH methylation at CMT2-targetedss{Zemach et al. 2013; Stroud et
al. 2014).

Many factors that participate in siRNA biogenesis lnown. Some, such as Pol
IV and RDR2 are essential, while others such as H@LASSY1, and SHH1 play a
more limited role (Henderson et al. 2006; Smitlale007; Law et al. 2011; Law et al.
2013). In the absence of DCL3, which generatestZRNAs, DCL2 and DCL4 produce
endogenous siRNAs of 22 nt and 21 nt, respectij@lien et al. 2005; Wang et al.
2011). Although Pol IV is purported to produce siRIgrecursors, Pol IV-dependent

transcripts have never been reported. One diffianlthe detection of Pol IV-dependent
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transcripts is that they are probably short-livad,they are likely quickly cleaved by
DCL proteins upon their conversion into dsRNAs. Beeond difficulty lies in the fact
that siRNA loci are silenced in wild type and deressed in Pol IV mutants (Herr et al.
2005; Pontier et al. 2005). This prevents the ifieation of Pol IV-dependent transcripts
by searching for RNAs that are diminished in Polnivtants. The lack of knowledge of
the Pol IV-dependent transcripts impedes a mecti@anisderstanding of siRNA
biogenesis.

We reasoned that comparing RNAs betw®&#tPD1 andnrpdl genotypes in a
dcl2 dcl3 dcl4 triple mutant background would circumvent the idiffties in detecting
Pol IV-dependent transcripts. In thdel2 dcl3 dcl4 background, Pol IV-dependent
transcripts should be stabilized due to reducedgssing by the DCLs. In addition, in the
dcl2 dcl3 dcl4 mutant background, RADM loci are already de-reggegXie et al. 2004;
Henderson et al. 2006) such that loss of functiotNRPD1 would not cause any further
de-repression. Therefore, we sought to identify Retlependent transcripts by RNA
sequencing (RNA-seq) and Pol IV/RDR2-dependentstiapts by dsRNA-seq idcl2
dcl3 dcl4 anddcl2 dcl3 dcl4 nrpdl. This effort led to the identification of Pol IVIRR2-
dependent transcripts from tens of thousands obmenloci. Further molecular and
bioinformatics analyses revealed features of PORDR2-dependent transcripts as well

as the genetic and epigenetic requirements foNPwhlnscription.
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Results

Genome-wide discovery of Pol IV-dependent transcriig as siRNA precursors
To detect Pol IV-dependent transcripts, we compdhedtranscriptome of thdcl2-1
dcl3-1 dcl4-2 nrpdl-3 quadruple mutant with that of thdel2-1 dcl3-1 dcl4-2 triple
mutant (hereafter referred to dsl234) through RNA sequencing (RNA-seq). Three
biological replicates were conducted for each ggmotusing inflorescences containing
unopened flower buds. To derive Pol IV-dependeRiNg loci from the same tissue
types, small RNA sequencing (sRNA-seq) was perfdrméh wild-type (WT) and
nrpd1-3 inflorescences. RNA-seq revealed 698 regions sigstatistically significant
reduction in transcript levels idcl234 nrpdl relative todcl234 (Figures 2.1A-C and
2S.1). 47,442 Pol IV-dependent siRNA (hereafteenred to as P4siRNA) regions were
identified from sRNA-seq (Figures 2.1A-C). 635 bEt698 regions that generated Pol
IV-dependent transcripts (hereafter referred asN?&} overlapped with the P4siRNA
regions (Figure 2.1C), suggesting that the 635oregiare potential SiRNA precursor
regions. 22 of these regions (Table 2.1) were ramylselected for detection of PARNAS
by RT-PCR. P4RNAs were detected at all these lodcl234; these transcripts were
either non-detectable or were reduced in abundandel234 nrpdl (Figures 2.1D and
2S.2A). Therefore, our RNA-seq efforts resultedthe identification of hundreds of
regions generating P4ARNAs.

The 635 regions shown to produce P4ARNAs above cmgtituted 1.3% of the

47,442 P4siRNA regions. We found that 98% of theiRMA regions had little read
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coverage in the RNA-seq libraries. tlal234, approximately 90% of the reads in the
RNA-seq libraries were from genic regions, and lggm 5% of the reads were from
P4siRNA loci (Figure 2S.2B). Enrichment for P4ARNiAshe total RNA population was

necessary for the discovery of more PARNAS.

P4RNAs are thought to be converted to dsRNAs by Rbé&fore being processed
to P4siRNAs, so the PARNAs should exist as dsRNAghe dcl234 background. We
sought to confirm the dsRNA nature of PARNASs thatrevdetected through RNA-seq
above. We performed strand-specific RT-PCR usimggore and strand-specific primers
for reverse transcription. Indeed, transcripts esponding to both DNA strands were
detected indcl234 and the abundance of the transcripts was greatlyced indcl234
nrpdl (Figure 2S.3). Therefore, PARNAS could be potégtenriched by separation of
dsRNAs from ssRNAs.

We performed three biological replicates of dsRMN#&-sn dcl234 and dcl234
nrpdl to enrich for PARNAs (Zheng et al. 2010a). Indetd percentage of gene-
mapping reads was greatly reduced in dsRNA-seq aozdpto that from RNA-seq
(Figure 2S.2B). While 35% of the reads mapped twiFMA loci in dcl234, only 5% did
in dcl234 nrpdl (Figure 2S.2B), suggesting that there was difféaérexpression at
P4siRNA loci between the two genotypes. Indeed)3=!tregions were found to have a
statistically significant reduction in transcrigitmdance irdcl234 nrpdl (Figures 2.1A,
2.1B, and 2S.1). 22,990 of these regions overldppéh the 47,442 P4siRNA regions
(Figure 2.1C). We consider these 22,990 regiongiaaeerating detectable P4siRNA

precursors.
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Having detected P4RNA-generating regions, we nekeeé whether all these
regions produce P4siRNAs. Our sRNA-seq detecteiRPé#ss at 22,990 of the 24,035
regions where PARNAs were detected by dsRNA-seqtie01045 regions from which
P4siRNAs were not detected, 946 showed a reduatiemall RNA read abundance in
nrpdl relative to wild type, but these regions did nas® our stringent filter for the
definition of differential P4siRNA expression (fefold reduction innrpdl relative to
WT with p-value <0.01). Therefore, these regionsenadso likely to produce P4siRNAs.
This suggests that most (if not all) PARNASs seiw®4siRNA precursors.

A previous study identified 982 genomic loci boundPol IV, among which 787
had detectable siRNA production (Law et al. 20I@)e P4RNA-generating regions
overlapped with 445 of the 982 regions bound by IRohnd 405 of the 787 regions
producing siRNAs. This does not suggest that ol bf the Pol IV-occupied regions
produce P4RNASs, but rather, this was likely duethe fact that our approach only
uncovered PARNAs at approximately half of the regigenerating P4siRNAs in the

genome (see below).

RDR2 has a similar effect as Pol IV on the abundarcof PARNAS

We tested whethdRDR2 is required for the accumulation of PARNAs. Weleated the
effects of loss of function iIRDR2 on P4RNA levels by performing RT-PCR dd 234,
dcl234 nrpdl and dcl234 rdr2 at five P4siRNA loci. No transcripts were detectad
dcl234 rdr2 or dcl234 nrpdl at these loci (Figure 2.2A), indicating that théRIRAs were

dependent on both Pol IV and RDR2. The complete tdd®4RNAS indcl234 rdr2 was
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surprising, as we expected to be able to detectNlP4Rn the absence ®8DR2 based on
the current RADM model in which Pol IV generatessaRNAs that are converted to
dsRNAs by RDR2.

To further examine thim vivo effects of thedr2 mutation, we performed RNA-
seq withdcl234, dcl234 nrpdl anddcl234 rdr2. To increase the sensitivity of RNA-seq,
we enriched for low abundance transcripts throu@NDhormalization (see Methods),
which resulted in a moderate increase in read emeeat P4siRNA loci (Figure 2.2B).
As a result, 864 P4ARNA regions were identified lbynparingdcl234 to dcl234 nrpdl
(four fold difference, p-value<0.01) in RNA-seq-D@l compared to 698 from RNA-seq
(described before). With the same criteria (fould fdifference, p-value<0.01), 968
regions were found to produce transcriptsiai?34 relative todcl234 rdr2. 850 regions
were common (Figure 2.2C), suggesting that thestigpts were dependent on both Pol
IV and RDR2. Furthermore, at these 850 loci, thendlance of residual reads from
dcl234 rdr2 was not any higher than that frad 234 nrpdl (Figure 2.2D). The results of
RT-PCR and RNA-seq-DSN suggest that RDR2 has time gdfect on the production of

P4RNAs as does Pol IV.

Assembly of Pol IV/RDR2-dependent transcripts and »amination of their
surrounding genomic features

With the regions generating PARNAs known, we nesembled PARNAs using reads
from the dsRNA-seq libraries (see Methods;). Altotdl 7,606 PARNAS were assembled

with most being in the range of 100 to 500 nt (FegRS.4).
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A profound A/T enrichment was found for regionsrsunding P4ARNAs. We
aligned all PARNAs at their 5’ or 3’ ends and deli@ed the proportion of A/T at each
nucleotide position in the 1000 nucleotide windgestueam of the 5’ end or downstream
of the 3’ end. Since the PARNAS were double-strdnaled the actual orientation of
P4ARNAs was unknown, the 5 ends of transcripts waedined as the beginning
nucleotides on the Watson strand of the TAIR10 rezfee sequence. The A/T
composition was obviously much lower in the P4ARN@&dies than the surrounding
regions (Figures 2.3A, B), which could simply retlehe GC-richness of P4ARNA
regions. However, in the ~50 nt regions flanking RARends, there was a clear increase
in A/T richness relative to the regions further gywauggesting that the immediate
flanking regions of PARNAs are A/T rich. A closetaeiination of the 5’ or 3’ ends
showed that the ends had the lowest A/T compositioite the flanking nucleotides had
higher A/T composition (Figures 2.3A, B, insets)icB patterns of A/T distribution were
also found for annotated exons (Figures 2.3C, @) @nPol Il transcription start sites
(TSS) or termination sites (TTS) (Figures2.3E, &)hough the A/T skew at TSS and
TTS sites was not as strong.

Nucleosomes, units of chromatin that influenceabeess of protein factors to the
DNA, are known to be enriched on exons and A/T pagions (Chodavarapu et al.
2010). We determined the nucleosome occupancy BNR4regions using published
nucleosome sequencing data (Chodavarapu et al).2Bli@leosomes were depleted at
both the 5" and 3’ flanking sequences of PARNAs andched at the ends of PARNAs

(Figures 2.3G, H). Such nucleosome distributiorigpas resembled those on exons and
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at the TSS of genes (Figures 2.3G, H) (Chodavaeaml. 2010; Ammar et al. 2012).
These results suggest that the initiation of Polahd/or RDR2 transcription occurs in
A/T-rich and nucleosome-depleted regions.

The genomic distribution of PARNAs was also exachirf@4RNAs were mainly
present at intergenic regions. 65% of them oveddpywith annotated TEsS or repeats;
only 9% of them overlapped with genes (Figure 23.3%e performed GO analysis on
the set of genes overlapping with P4RNA loci. burngly, the GO term
“‘endomembrane system” was highly enriched for theegset (Table 2.2). To determine
whether this unexpected association was due tocoimeentration of “endomembrane
system” genes at pericentromeric regions, we exagnine chromosomal distributions of
the set of genes overlapping with P4ARNAs. We fotlnad the gene set resembled the set
of all annotated genes in that the genes were misgeat euchromatic regions and
depleted at pericentromeric regions (Figure 2S.6A).

We next examined the association between regiomergéng P4RNAs and
heterochromatic marks. We first examined the retetihip among P4RNAs, P4siRNAS,
and CHH regions dependent on DRM2 or CMT2. DRMA @MT2-dependent CHH
methylation regions were defined as the CHH Diffeigdly Methylated Regions (CHH
DMRs) with reduced methylation orml drm2 andcmt2 relative to WT, respectively, in
a published methylome study (Stroud et al. 201&nil&ly, Pol IV-dependent CHH
regions were defined as CHH DMRs between WT raipdl in the same study (Stroud et
al. 2013). Although both DRM2- and CMT2-targetetkesistrongly overlapped with

regions producing P4siRNAs (Figure 2S.5B), the ssiteargeted by the two
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methyltransferases are largely non-overlappingufei®S.5C) (Zemach et al. 2013). Pol
IV-dependent CHH regions are mainly targeted by DRWFigure 2S.5C), and the
number of Pol IV/DRM2-dependent CHH regions is onaff of the number of CMT2-
dependent CHH regions. Therefore, loss of P4siRNAly leads to reduction in CHH
methylation at a small proportion of P4siRNA loand these loci are distributed along
euchromatic chromosomal arms (Figure 2S.6B) (Wiekzlet al. 2012). We found that
the chromosomal distribution of P4RNAs strongly erabled those of total CHH
methylation and CMT2-dependent CHH methylation, chpeak at pericentromeric
regions (Figure 2S.6B) (Lister et al. 2008; Zematlal. 2013). This suggests that loci
with detected P4RNAs are largely contributed byséhavhose CHH methylation is
targeted by CMT2, which will be further examinetkla
Besides siRNAs and DNA methylation, H3 lysine 27 nmmethylation

(H3K27mel) and H3 lysine 9 dimethylation (H3K9me@je two other common
heterochromatic marks, for which the genomic disiions were profiled through ChiP-
chip (Roudier et al. 2011; Deleris et al. 2012). end that these two marks exhibited
similar chromosomal distributions as P4ARNAs — a#irevenriched at pericentromeric

regions (Figure 2S.6C).

Features of Pol IV/RDR2-dependent transcripts
The 5’ initiating nucleotides of Pol | and Pol tthnscripts have triphosphate groups and
those of Pol Il transcripts contain 7-methylguanescaps. To determine the 5 end

structure of P4ARNASs, we performed enzymatic treatsief total RNAs followed by the
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detection of PARNAS by RT-PCR. First, we treatddltBNAs with no enzyme (control),
Tobacco Acid Pyrophosphatase (TAP), which convéststriphosphate or 5 7-
methylguanylate cap to 5° monophosphate, or T4 malleotide Kinase (PNK), which
adds a 5’ phosphate group to 5 hydroxyl RNAs. fNewe digested the RNAs with
Terminator, a 5’ to 3’ exonuclease that acts on RMAth a 5’ monophosphate. Finally,
RT-PCR was conducted on these treated RNA sampldstect various PARNAs. The
RNAs treated with Terminator alone showed a drasnaduction in the abundance of
PARNAs (Figure 2.4A), suggesting that a large partiof PARNAs had a 5
monophosphate. The samples treated with TAP or RiN&wed by Terminator showed
similar levels of PARNAs to the sample treated Wignminator alone (Figure 2.4A). The
fact that TAP or PNK treatment did not increaseahwunt of 5° monophosphate RNAs
indicated that P4ARNAs primarily had a 5’ monophagph

Introns are a common feature of Pol ll-dependeandtripts. To determine
whether the PARNAs have introns, we first analyreaids fromdcl234 dsRNA-seq
libraries with TopHat2 (Kim et al. 2013), a widalged software to discover splice
junctions for canonical introns. 20,521 splicedciions were reported through TopHat2,
with 20,378 junctions being at genic regions antly @9 junctions being at PARNA
regions. As P4RNAs do not necessarily use splicetions characteristic of Pol II-
dependent transcripts, we also employed a naivaadehat reports all spliced reads,
i.e., reads whose 5’ and 3’ portions representhyegenomic sequences separated by a
segment (see Methods). This method predicted 1&plU&d reads, with 12,670 being at

genic regions and only 112 being at PARNA regidiiee potential spliced junctions
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predicted by the two methods at PARNA regions wWearther examined to determine
whether they represented true spliced junctions. [&hels of transcripts at intron regions
should be much lower than those at exon regionsenMubjected to the filter that the
coverage of “intron” regions is at least five timlewer than that of the flanking regions,
none of the predicted junctions was retained. Thggests that PARNAs do not possess
introns.

Polyadenylation is part of the maturation procesBa lI-dependent transcripts.
To determine whether PARNASs have polyA tails, t&BIAs were separated into polyA+
and polyA- fractions followed by the detection ofFNAs by RT-PCR. PARNAs were
detectable from total RNAs and polyA- RNAs, but fraim polyA+ RNAs, suggesting
that PARNAS do not have polyA tails (Figure 2.4B).

Given that P4ARNAs lack polyA tails and Pol II-dedent transcripts are expected
to have polyA tails, we sought to distinguish the ttypes of transcripts at RdDM loci
through the presence or absence of polyA tailsyAsobnd polyA+ RNAs were first
isolated from two biological replicates d€l234 anddcl234 nrpdl and subjected to an
RNA-seq library construction procedure that presdrvthe strandedness of the
transcripts. In polyA+ libraries, a total of 1,684siRNA loci were found to have read
coverage above 1 RPM, indicating that they wereresqed. Transcript abundance at
these loci was similar inlcl234 nrpdl and dcl234 (Figure 2.4C), suggesting that the
polyA+ transcripts were made by Pol Il rather thigol IV. Next we examined the read
coverage at the 698 Pol IV-dependent regions dexealvthrough the initial RNA-seq

experiment (reported at the beginning of the Ressdction) in the polyA- RNA-seq
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libraries. At 98% of the regions where expressias wletected fromdcl234, decreased
expression irdcl234 nrpdl was also observed (Figure 2.4D). In addition, tkgression

of these 698 regions as determined by polyA+ RNé-s@s very low and decreased
expression indcl234 nrpdl was not observed (Figure 2.4D). This confirmed that
PARNAs are present in the polyA- RNA fraction armbent from the polyA+ RNA
fraction.

Our previous studies showed that a partial loskHottion mutation in a Pol I
subunit gene compromised P4siRNA biogenesis at dedi@M loci. This raised the
question of whether Pol Il-dependent transcriptR@DM loci are directly channeled to
P4siRNA biogenesis or Pol 1l promotes P4siRNA braggs indirectly, such as by
recruiting Pol IV (Zheng et al. 2009). The abilitg distinguish Pol IllI-dependent
transcripts and PARNAs at RdDM loci allowed us tmrass this question. If Pol II-
dependent transcripts were channeled to P4siRNAugtmn, we would expect to detect
dsRNAs from Pol Il-dependent transcripts dol234. At P4siRNA loci, PARNAs in
polyA- RNA-seq were derived from two strands ases=ted (Figures 2.4E and 2S.7A).
However, transcripts in polyA+ RNA-seq, presumalblgl ll-dependent transcripts,
appeared to be mainly derived from one strand (Eg2.4F, 2S.7B, and 2S.8). We
calculated the ratio of reads from the two strandsolyA+ RNA-seq at 1,639 P4siRNA
loci, where Pol Il transcription was detectable pAgximately 99% of polyA+ RNAs at
these loci had a ratio of 9:1 or larger betweenlsederived from the two strands (Figure
2S.7C). This suggests that Pol ll-transcribed RM&se not converted to dsRNAs. We

next examined the strand distribution of P4siRNAthase loci. P4siRNAs were present
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at some of the loci inlcl234, probably because DCL1 was able to produce P4sgRNA
The reads for P4siRNAs were derived from two stsarnwhile the Pol Il transcribed
polyA+ RNAs were from one strand (Figure 2S.8)dti234 nrpdl, the P4siRNAs were
depleted, suggesting that the P4siRNAs were deifraed Pol IV. The fact that Pol II-
dependent RNAs from loci that generate P4siRNAscamlg from one strand (Figure
2S.8) and that no P4siRNAs are presenddr234 nrpdl suggests that Pol Ill-dependent

transcripts are not channeled to P4siRNA production

The decreased CHH DNA methylation indcl234 is correlated to compromised Pol
IV transcription
Our dsRNA-seq effort uncovered 22,990 regions pcodpP4RNAS, less than half of the
47,442 regions that produce P4siRNAs. Thus, weriogated why PARNAs were not
detected from half of the P4siRNA-generating I&le examined the 24,452 P4siRNA
regions from which PARNAs were not detected anchdiothat 72% of the regions had
low read coverage of less than 0.9 RPM in dtf234 and dcl234 nrpdl dsRNA-seq
libraries, which made it impossible to make any parnsons between the two genotypes
(Figure 2S.9A). Therefore, low levels of the PARN#&re the major reason prohibiting
their discovery.

We next asked whether the low levels of PARNA$i@s¢ regions idcl234 were
attributable to the fact that these regions hawve ol IV activity in WT. The output of
Pol IV activity is P4siRNAs. We divided all regiopsoducing P4siRNAs in WT into

four quartiles according to the abundance of P4&i&NThe percentage of PARNAS
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discovered was calculated for each quartile. Aetqul, with the decrease in P4siRNA
abundance, the percentage of P4ARNAs discovereddalseased. However, even in the
first quartile that contained regions with the mabtindant P4siRNAs in WT, still 30%
of the regions lacked detectable P4RNAsdti234 (Figure 2.5A). Therefore, our
approaches failed to detect PARNAs at some ofoitighat generate abundant P4siRNAs
and are thus predicted to also generate high |@fd&?dRNAS.

We next examined whether levels of PARNASIG?34 were correlated to levels
of CHH DNA methylation. The CHH DNA methylation lel¢ were examined separately
for P4siRNA loci with or without PARNAs detected.The average CHH DNA
methylation levels at the two types of loci werenigar in WT (Figure 2S.9C), but
different in dcl234; the type without PARNAs detected had much loweels of CHH
methylation than the type with PARNAs detected{feg 2.5B and 2S.9D). Therefore, it
appeared that CHH methylation correlated with treelpction of PARNAS.

We examined whether PARNAS were affected diffeyeloyl CHH methylation at
DRM2- and CMT2-targeted sites, which will be reéstrto as D2 and C2 loci for
simplicity. The P4siRNAs produced from these twpety of loci will be referred to as D2
and C2 siRNAs. First, the relative abundance ofaD@ C2 siRNAs was determined by
sRNA-seq in WT. Although the number of C2 loci wagger than that of D2 loci, the
total small RNA read number of C2 siRNAs was muetalier than that of D2 siRNAs
no matter when total P4siRNAs or only 21nt, 22dnt2 or 24nt P4siRNAs were
separately considered (Figure 2S.9B). Next, weutaled the percentage of PARNA

discovery indcl234 at D2 and C2 loci separately. Although the avegendance of D2
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siRNAs was higher than C2 siRNAs, PARNAs were detkat 38% of D2 loci vs. 62%
of C2 loci. The difference was even more obviougmwb2 and C2 loci belonging to the
lowest quartile of P4siRNA abundance were consiatléFeégure 2.5C). We observed a
strong correlation between P4RNA discovery and CBIMA methylation at D2 loci.
When D2 sites were divided into four quartiles adew to their CHH DNA methylation
levels indcl234, the percentage of D2 P4RNA discovery decreas#ddecreasing CHH
DNA methylation (Figure 2.5D). Similarly, the abwamte of PARNAS at D2 sites, as
revealed by dsRNA-seq imdcl234, also decreased with decreasing CHH DNA
methylation (Figure 2S.10A). These trends werefomtd for C2 sites (Figures 2.5D and
2S.10A). The correlation between P4siRNA abundamzt levels of CHH methylation
was also examined idcl234 (Figures 2S.10B, C) and WT (Figures 2S.10D, Ehe T
abundance of D2 siRNAs but not C2 siRNAs decreagithl decreasing CHH DNA
methylation. In summary, Pol IV transcription apmehto depend on CHH DNA

methylation to a greater extent at D2 sites thaDZasites.

Genetic requirements for P4siRNA biogenesis

Previous studies demonstrated that Pol 1V, RDR2 B3 are responsible for the

biogenesis of P4siRNAs and that CHH DNA methylaton H3KO9me2 affect P4siRNA

accumulation. By utilizing published sRNA-seq, Clsy and methylome data (Table
2.3) (Roudier et al. 2011; Deleris et al. 2012; eea@l. 2012; Law et al. 2013; Stroud et
al. 2013; Stroud et al. 2014), we further explotteel genetic requirements for P4siRNA

production.
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The levels of P4siRNAs were first examined in WTdamutants in genes
participating in P4siRNA biogenesis suchSL3, RDR2, NRPD1, SSH1, CLSY1, and
DM3#A. D2, C2 and total P4siRNAs were equally affearedicl234, rdr2 and nrpdl
(Figure 2.6A). Inclsyl, sshl anddms4, D2 siRNA levels were similarly decreased but
not completely eliminated, and the reduction iniRBE\ abundance correlated with a
reduction in CHH methylation in the three genotyd€ggures 2.6A and 2S.11A). At C2
loci, P4siRNA levels were decreasedcisyl andsshl but increased inims4, and these
changes in P4siRNA levels were not accompanied gypyregiable changes in CHH
methylation (Figures 2.6A and 2S.11B). Thereforecaarelation between P4siRNA
accumulation and CHH methylation is only true fd2 [@ci. Another conclusion is that
all these genes, with the exceptiorDd4, are required for P4siRNA biogenesis at both
D2 and C2 loci.

The levels of P4siRNAs were also examined in mstanigenes participating in
the RADM pathway downstream of P4siRNA biogenesish adDMS3, DRD1, RDM1,
DRM2, andNRPEL1. Mutations in these genes all resulted in a neamreation of CHH
methylation at D2 loci (Figure 2S.11A) but had afihno effect on CHH methylation at
C2 loci (Figure 2S.11B). P4siRNA levels were aleduced in these mutants at both D2
and C2 loci, but D2 loci were affected to a greateent; the remaining P4siRNAs were
at 20% and 60% of wild-type levels for D2 and C@&iloespectively (Figure 2.6B). These
results were also consistent with a correlatioowbeth P4siRNA biogenesis and CHH

methylation at D2 loci.
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The levels of P4siRNAs were also examined in mgtahgenes that confer DNA
methylation, such a®RM2, CMT3, and CMT2, or H3K9me2 deposition, such as
SUVH4, 5, and6. In thecmt2 mutant, in which CHH methylation was nearly eliatied
at C2 loci but unaffected at D2 loci (Figures 23 ,1B), P4siRNA accumulation was not
affected at D2 loci or C2 loci (Figure 2.6C). dnml drm2 cmt2 cmt3 (drm12cmt23) in
which all non-CG methylation is lost and H3K9me2mat be maintained because of the
loss of non-CG methylation (Stroud et al. 2014g(fFes 2S.11A, B), D2 siRNA levels
were severely reduced but C2 siRNAs were only wealffected (Figure 2.6C). In
suvh456 in which H3K9me2 is lost (Stroud et al. 2014) &idH methylation at both D2
and C2 loci is partially reduced (Figures 2S.11A, B2 and C2 siRNAs were at 40%
and 65% of the levels in WT, respectively (FiguréQ@.

The above observations support a tight correldiemveen CHH methylation and
P4siRNA abundance at D2 loci but only a weak catr@h at C2 loci. To explore
possible contributors to P4siRNA biogenesis at G&, lwe examined the overlap
between P4siRNA loci and repressive epigenetic maiBK9me2 and H3K27mel
(Roudier et al. 2011; Deleris et al. 2012). P4siRNwere found at 57% of H3K9me2
regions, 67% of H3K27me1l regions, and 75% of tlggores harboring both H3K9me2
and H3K27mel, which may suggest that H3K27mel aBH9he2 work together in
promoting P4siRNA biogenesis (Figure 2.6D). When @1 C2 loci were separately
examined for their overlap with H3K9me2 and H3K2Zmleoth marks were present at

92% of C2 loci but only 19% of D2 loci (Figure 2)6Hhis is consistent with prior
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knowledge that D2 loci are primarily on euchroma#ions while C2 loci are in
pericentromeric heterochromatin (Zemach et al. 2013

In summary, D2 and C2 siRNAs share a common bicgemathway involving
Pol IV, RDR2 and DCL3, but Pol IV transcription tese loci is probably regulated
differently by different epigenetic marks (Figure7R Compared to C2 siRNAs, D2
siRNAs are highly abundant and are found at euchtiennegions harboring high levels
of CHH methylation but low levels of H3K9me2 or H3Rmel (Figures 2S.11C, D, E,
F). D2 siRNAs and CHH methylation appear to be uridgnt feedback regulation — D2
siRNAs are required for the maintenance of CHH rylation and their biogenesis
(probably at the level of Pol IV transcription) momoted by CHH methylation. In
contrast, C2 siRNAs are less abundant and are fatirfeeterochromatic regions with
high levels of repressive marks such as H3K9mea3K27mel (Figures 2S.11C, D, E,
F). C2 siRNAs are not required to maintain CHH mikttion and, and their biogenesis is
less affected by the loss of CHH methylation, plbpabecause H3K9me2 and

H3K27mel contribute to Pol IV transcription at thésci.

Discussion
Pol IV is thought to generate the precursors toogadous siRNAs, which are central

players in RdDM in plants. However, Pol IV-derivednscripts have not been detected
before, probably owing to their short-lived natared the transcription of RdDM loci by

Pol Il in a Pol IV loss of function mutant. In tresudy, we devised a strategy that enabled
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the detection of tens of thousands of P4siRNA psswrs that we refer to as PARNASs.
The analysis of these P4ARNAs provided the followngights into P4siRNA biogenesis.
Specifically, key tenets of the current model oSIRNA biogenesis have been
confirmed. We showed for the first time that Pol ideed generates long noncoding
RNAs, consistent with the presumed role of Pol tvtianscribing RdADM loci in the
current model. Previously, failure to detect Polttehscription by a nuclear run-on assay
led to the hypothesis that Pol IV in maize is likal dysfunctional polymerase (Erhard et
al. 2009). Our findings are in favor of ArabidopBisl IV, and maize Pol IV by inference,
as a functional polymerase. The fact that long ndimg P4RNAs are from both DNA
strands and are absent in &2 mutant is consistent with the model that P4SiRNA
precursors are generated by the concerted actidsl &V and RDR2. Our findings may
also prompt a re-consideration of the current moéedvious biochemical studies show
that RDR2 and Pol IV are in the same complex amgitro, RDR2 activity requires Pol
IV but Pol IV activity does not require RDR2 (Haag al. 2012). Based on these
observations, the current model is that Pol IV scaibes P4siRNA loci and RDR2
converts nascent P4ARNAs into dsRNAs (Matzke andheo2014). Our findings not
only agree with the notion that Pol IV and RDR2 tagether, but also implicate an
essential role of RDR2 for Pol IV transcription.Adl IV activity does not require RDR2
in vivo, we expect to detect PARNAS dal234 rdr2. However, detection of PARNAS
either by RT-PCR at specific loci or by RNA-sedleg genomic scale showed timapdl

and rdr2 mutations were equally defective in the productadrthese transcripts. This
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suggests that RDR2 may be required for the recantrmof Pol IV to P4siRNA loci, the
transcription activity of Pol 1V, or the stabilitf PARNASIn vivo.

Our findings also provide new insights into RdADMeWhow that P4ARNAs are
non-polyadenylated and lack introns, and thus afferent from Pol llI-dependent
transcripts. Using presence or absence of polyfhadistinguishing feature, we found
that PARNAs are derived from both DNA strands witie de-repression of RADM loci
results in Pol Il transcription from a single slaihe single-stranded nature of Pol II-
dependent transcripts from RdDM locidinl234 also suggests that Pol Il transcripts are
not converted to dsRNAs for P4siRNA production. Heer, our previous studies
revealed a reduction in P4siRNA levels from someéDMdloci in a partial loss-of-
function Pol Il mutant (Zheng et al. 2009). Togetllbese data imply that Pol Il does not
contribute to P4siRNA biogenesis by supplying P#8\Rprecursors. Instead, Pol IV
recruitment to chromatin was compromised in the pohutant (Zheng et al. 2009),
suggesting that Pol Il transcription might acteoruit Pol IV. However, we note that this
study only examined loci that are already undeveiliance by RADM. We cannot rule
out that Pol llI-derived transcripts may be useddaly in sSiRNA production when a naive
element is first introduced into a genome.

The lack of introns in PARNAs also has implicatioBgveral splicing related
proteins were reported to affect both P4siRNA alameeé and CHH methylation,
although their effects are less prominent than dia®ol IV (Zhang et al. 2013). The

absence of introns in P4ARNAs suggests that thelsangpfactors promote P4siRNA
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biogenesis either indirectly through their splicifugctions on genes or directly through
splicing-independent functions on PARNAs.

A surprising finding was that the 5’ ends of PARN#ear a monophosphate. The
5" end of a primary transcript is expected to be&' triphosphate, or a cap as in Pol Il-
derived transcripts. It is possible that the PARNA& we detected represent processed
transcripts. Alternatively, Pol IV or RDR2 may usenonophosphate-containing RNAs
as primers to initiate transcription. Regardleke, gredominant form of P4ARNARs vivo
is the form with a 5 monophosphate. In this respPdRNAs resemble rRNAs, which
are presentn vivo as processed forms with a 5° monophosphate (Datdbal. 1978;
Unfried and Gruendler 1990). It is of note that BE¥RNAS are also products of RDR2,
therefore, the features of the 5’ and 3’ ends céft®- or post-transcriptional events of
Pol IV/IRDR2.

A striking finding was the higher A/T compositiomda lower nucleosome
occupancy of the flanking sequences of PARNASs. fidiges the possibility that high A/T
composition and absence of nucleosomes promoteitiaion and termination of Pol IV
transcription. Nucleosome depletion in the 5’ flengkregion is immediately followed by
nucleosome enrichment 3’ to the transcription stdg for PARNAs. Such a pattern of
nucleosome distribution is also found around thendcription start sites of protein-
coding genes in diverse eukaryotes (Ammar et dl2p0and thus represents a common
feature of transcription initiation sites for Pbahd Pol IV.

CHH DNA methylation and H3K9me2 are repressive mankthe suppression of

transposon expression and both are thought to peorRdsiRNA biogenesis. Recent
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studies have uncovered two parallel pathways of Chidthylation maintenance
requiring two different DNA methyltransferases, DRMnd CMT2. For the DRM2-

targeted (D2) sites that are more dispersed withimmosomal arms, P4siRNAs and
CHH methylation levels are high, and loss of CHHtmgkation impedes Pol IV

transcription to result in reduced P4siRNA abunéafiterefore, CHH methylation and
P4siRNA biogenesis are engaged in a positive feddlmop at D2 sites (Figure 2.7).
CMT2-targeted (C2) sites are concentrated at pa&rnameric regions, where other
repressive marks such as H3K9me2 and H3K27melrawalpnt (Roudier et al. 2011).
At these sites, loss of CHH methylation has a matigffect on Pol IV transcription as
compared to D2 sites, and little impact on P4siRiiindance (Figure 2.7). While it was
found that H3K9me2 promotes P4siRNA accumulatioR2tsites ((Stroud et al. 2014)
and this study), C2 siRNAs are only moderatelyaéd in thesuvh456 mutant that lacks

H3K9me2 or indrml2cmt23 that lacks both H3K9me2 and CHH methylation (Fegur
2.6C). We found that both H3K9me2 and H3K27melaghly prevalent at C2 loci.

Thus, our findings implicate a role of H3K27mel RdsiRNA biogenesis at C2 loci

(Figure 2.7).

Materials and Methods

Plant materials
All tissues used in this study are from unopened/dr buds and all Arabidopsis strains
are in the Columbia ecotype. Tlel2-1 dcl3-1 dcl4-2 (dcl234), nrpdl-3 (nrpdl) and

rdr2-1 (rdr2) lines were previously described (Xie et al. 200410@era et al. 2005;
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Henderson et al. 2006). The quadruple mutaiet@34 nrpdl and dcl234 rdr2 were

obtained by crossing aicl234 with nrpdl andrdr2.

RNA isolation, digestion, and RT-PCR

Total RNAs were extracted from unopened flower bwith TRIzol (Invitrogen, 15596-
018) and treated with DNase | (Roche, 0471672800@NA was synthesized using
random primers with RevertAid Reverse Transcriptdsermentas EP0442). To
determine the strandedness of the transcriptsygeueanscription was performed with
gene-specific primers from each of the two strai®kquences of primers are in Table
2.4,

To determine the nature of the 5’ ends of PARNAg total RNAs fromdcl234
were divided into each of four tubes and were é@ats follows. First, the RNAs were
incubated at 37°C for 2h with or without enzymesgea 1 and tube 2 with buffer only;
tube 3 with Tobacco Acid Pyrophosphatase (TAP, &pier T19250); and tube 4 with T4
Polynucleotide Kinase (PNK, NEB, M0201S). Aftergplol-chloroform extraction and
ethanol precipitation, RNAs in tube 1 were incubdase 30°C for 1h with buffer only,
while RNAs in the other three tubes were incubatéth Terminator Exonuclease
(Epicenter, TER51020) at 30°C for 1h. The RNAs wenrdracted with phenol-

chloroform and precipitated with ethanol beforengesubjected to RT-PCR.

Construction and sequencing of RNA-seq, RNA-seq-DSMIsRNA-seq and sRNA-

seq libraries
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Unopened flower buds fromicl234 anddcl234 nrpdl were collected and were used for
RNA extraction using Trizol (Invitrogen, 15596-018yiefly, 10ug of DNA-free RNAs
were subjected to rRNA removal using a Ribomius (kivitrogen, A10838-08). For
dsRNA-seq libraries, RNase One (Promega, M4261) wgasl to digest single-stranded
RNAs. The treated RNAs were fragmented using Fragatien Reagents (Ambion,
AM8740). T4 Polynucleotide Kinase (NEB, M0201S) wesd to phosphorylate the 5’
ends as well as to remove the 3’ phosphate grotipiseoRNA fragments. The treated
RNAs were resolved in a 15% denaturing polyacrytengel and 15-100 nt RNAs were
excised and purified. These RNAs were used to oactsthe RNA-seq and dsRNA-seq
libraries using the True-seq small RNA preparatkin(lllumina, RS-200-0012). For
some samples, the RNAs were further treated witlpl&uSpecific Nuclease (DSN,
Evrogen, EA001) to enrich for low abundance traipssr The RNA-seq libraries treated
with DSN are referred to as RNA-seq-DSN librari€se sRNA-seq libraries were also
constructed using the True-seq small RNA prepardtio The libraries were sequenced
through Illumina Hiseq2000 and the data were dépdsat NCBI under the accession
number GSE57215. All libraries built in this stuake listed in Table 2.5, which contains

information on the number of biological replicateseach library type and genotype.

Processing and mapping of RNA-seq, RNA-seq-DSN amgRNA-seq reads
Raw reads were first collapsed into a set of nalwmndant reads. All of the non-
redundant reads were initially mapped to thabidopsis TAIR10 reference genome

using the short-read alignment tool (BWA) allowing mismatches (Henderson et al.
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2006; Li and Durbin 2009). Unaligned reads werecpssed further by sequentially
trimming off nucleotides at the 3' end with any ctatto the 5’ end of the adapter
sequence allowing for 0, 1, 2, and 3 mismatchékef3’ end nucleotides match to less
than nine nucleotides, 10-19 nucleotides, 20-29ewtides, and 30-33 nucleotides,
respectively, of the adapter sequence. The loradiested match to the adapter sequence
is set arbitrarily at 33 nucleotides to maintaire tehortest trimmed reads at 18
nucleotides. Adapter-trimmed reads were mappetthéolT AIR10 genome allowing no
mismatches. All mapped reads (untrimmed and ad#pbtomed) were combined for
further downstream analysis.

To determine the regions that harbor PARNAS, th®ge was tiled into 500 bp
bins and the reads whose 5’ ends fall within avieare considered as belonging to this
bin. The numbers of reads were counted for eactidsibothdcl234 anddcl234 nrpdl
and compared between the two genotypes. The fadgeghand p-value were calculated
using edgeR for dsRNA-seq and RNA-seq (Robinsonalet2010). The Poisson
distribution is used to calculate the p-value fodARseq-DSN libraries (Marioni et al.
2008). The regions with p-value < 0.01 and foudfa#duction in read counts detl234

nrpdl relative todcl234 were considered as regions that generate PARNAS.

Processing and mapping of SRNA-seq reads
The reads in sSRNA-seq libraries were first trimntedemove adapters. Each read was
gueried for the presence of the first 9 nt sequ€NGGAATTCT) of the 5’ end adapter.

If found, the query sequence plus the flankingr8l sequence is removed from the read.
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Adaptor-free reads between 18 nt and 42 nt in lengére mapped to the TAIR10
genome. To calculate and compare small RNA abwedan different genotypes, the
genome was tiled into 500 bp windows and reads &/Bo€nd nucleotides fall within a
window were assigned to the window. To identifyfeliéntially expressed small RNAs,
edgeR was applied to calculate the fold changepavalue. The windows with p-value <
0.01 and four-fold reduction in read countsninpdl relative to WT were considered as

regions that generate P4siRNAs.

Assembly of Pol IV/RDR2-dependent transcripts

In-house R scripts were employed to assemble PARNAes first step was to collect and
combine all the reads located at PARNA regions ftieethree replicates of dsRNA-seq
libraries fromdcl234. Then neighboring reads no more than 60 nt apare joined
together to form transcripts. The transcripts fedsed the following three filters were
retained. First, the transcripts must be longentB@ nt. Second, the normalized read
count from the combined three librariesdof234 was above 1RPM. Third, the levels of
the transcripts indcl234 were at least four fold higher than thosedti234 nrpdl.
Finally, the transcripts were overlapped with PA&/RIoci to filter out the transcripts

without corresponding P4siRNA expression.

Determination of A/T composition of various genomiaegions
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Exons and genes were according to TAIR10 annota®dRNAs were determined in this
study as described above. Only P4ARNAs longer thaM 20 were included in this

analysis. The start and end sites of PARNA regieere arbitrarily defined as the 5’ and
3’ ends of PARNASs on the Watson strand. Within eeategory (P4RNAs, exons, or
genes), sequences were aligned at the start sitanscription (for PARNAs and genes)
or the beginning of exons, or at the end site afigcription/end of exons. Up to 1 kb of
sequences flanking these sites were interrogateel.nlimbers of A, T, C, or G at each
position for all the sequences in each categoryeweunted. The A/T composition was

calculated as the proportion of A and T nucleotitethe total.

Determination of nucleosome occupancy at various gemic regions

Nucleosome occupancy was examined at the same ,exgarees and P4RNAs
interrogated for their A/T composition (describdzbee). The positions of nucleosomes
in the genome were obtained by analysis of thesaéat@hodavarapu et al. 2010) using
the nucleosome-calling program NOrMAL (Polishkaakt2012). The sequences of each
category (P4RNAs, exons, or genes) were alignettieatstart site of transcription (for
P4ARNAs and genes) or the beginning of exons, tiieatend site of transcription/end of
exons. For each position, the percentage of segsewith nucleosomes in total

sequences was calculated.

A naive method of identifying spliced reads
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To identify reads that represent potential splicavgnts, the first step was to filter out
reads that mapped perfectly to the genome. The ppetareads were mapped to the
genome again using blastall with a minimum mapeedth of 15 nt (Zhang and Madden
1997). The reads were kept if both the beginninghtLténd the end 15 nt of the reads
mapped perfectly to the genome. In addition, the@piray positions on the genome of
these reads were examined. If both the beginninigtlae end of the reads were mapped
to the same strand within a distance of 1000 r&,rdads were kept as representing a

potential splicing event.

The definition of D2 and C2 loci

Differentially methylated regions (DMRS) in wildgg vs.drm2 and wild type vscmt2,
named D2 and C2 DMRs, respectively, were derivethfpublished methylome datasets
((Stroud et al. 2013) with accession numbers listedrable 2.3. P4siRNA regions

overlapping with D2 and C2 DMRs were referred asaD@ C2 siRNA loci, respectively.

The overlap between P4siRNAs with H3K27mel and H3K8e2

The regions with H3K9me2 modifications were defirtadbugh analysis of published
ChlIP-chip dataset (Roudier et al. 2011; Delerisle2012) using BLOC (Pauler et al.
2009). The regions with H3K27mel modifications wel#ained in a published ChlIP-
chip dataset (Roudier et al. 2011; Deleris et @L2). To calculate the P4siRNA regions
with H3K27mel and H3K9me2 modifications and theiorg of H3K27mel and

H3K9me2 with P4siRNAS, the regions of H3K27mel &8K9me2 were divided into
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500bp arbitrary windows, and the overlap betweesahnvindows and those of PARNAs

was determined. Then the percentage of the overlagtal windows was determined.

Data access
The genome-wide datasets generated in this stueyawaailable at the NCBI Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nitufgeo/) under the accession

number GSE57215.
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Figures

Figure 2. 1 Genome-wide discovery of PARNAs as PR&A precursors.

A-B, Genome-browser views of small RNA reads andRIRA reads at two
representative P4siRNA loci. The read counts (im fpreads per million) include reads
from both strands. The top two, middle two, andidrattwo rows represent reads from
dsRNA-seq, sRNA-seq, and RNA-seq, respectivelyA]JlP4ARNAs were detected by
both dsRNA-seq and RNA-seq. In B, PARNAs were afdjected by dsRNA-seq. C,
Venn diagram showing the overlap of P4ARNA regioissalered through dsRNA-seq or
RNA-seq with P4siRNA regions discovered through s8Rq. Note that dsRNA-seq
and RNA-seq were conducted witiitl234 and dcl234 nrpdl, and sRNA-seq was
conducted with WT andrpdl. D, Random-primed RT-PCR analysis of P4RNAs
discovered through RNA-seq on RNA samples fiaoh234 anddcl234 nrpdl. Genomic
DNA was included as the positive control for theRRCGRT: reverse transcriptase was
omitted from the reverse transcription reaction®RT” and HO (no RNAs in the
reactions) served as negative controls. The gentmoations of the loci can be found in

Table 2.1.
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Figure 2. 2 RDR2 has a similar effect as Pol IV othe abundance of PARNAs.
A, Detection of PARNAs by RT-PCR. Random-primed RTIR was performed on

dcl234, dcl234 nrpdl anddcl234 rdr2 to detect PARNAS from five loci (Table 2.1). PCR
with genomic DNA and BED (no RNAs in the reactions) were included as pasiand
negative controls, respectively. -RT, reversedcaption was performed in the absence
of reverse transcriptas€BP20, a genic transcript, was included as a loadingrobrB,
DSN normalization moderately enriched the coverafgeeads at PARNA loci by RNA-
seq. The total numbers of normalized reads at ZM4¥%IRNA loci from one replicate of
dcl234 RNA-seq-DSN and three replicates @dl234 RNA-seq are shown. C, Venn
diagram showing the overlap between regions with IFadependent transcripts and
regions with RDR2-dependent transcripts as detexthiny RNA-seq-DSN oficl234,
dcl234 nrpdl anddcl234 rdr2. D, Abundance of Pol IV- and RDR2-dependent RNAs at
the 850 Pol IV- and RDR2-dependent loci in (C). Tétal numbers of normalized reads

at these loci in RNA-seq-DSN are shown.
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Figure 2. 3 Genomic features of P4ARNAs and surroundg regions.

A/T composition (A-F) and nucleosome occupancy (Gwere examined at PARNAS,
exons and genes. Exons and genes were accordim@lR10 annotation. Position 0
refers to the start site of transcription (for P4&&\and genes) or the beginning of exons
(in A, C, E, G), or the end site of transcriptiamdeof exons (in B, D, F, H). Nucleotide
positions upstream and downstream of position @epreesented by negative and positive
numbers, respectively. Sequences were alignedsitigppo0 and the proportion of A/T
nucleotides at each position is shown in A-F. AFBe A/T composition near the PARNA
start sites (A) or end sites (B). C-D, The A/T carsiion of exons and flanking regions.
E-F, The A/T composition near protein-coding genandgcription start sites (E) or
termination sites (F). In A-F, the insets displdgse-up views near position 0. G-H,
Average nucleosome occupancy near the start sBgi1( end sites (H) of P4ARNAS,
exons and genes. The nucleosome positions werevederirom published data

(Chodavarapu et al. 2010).
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Figure 2. 4 Features of PARNAs. A, Determination dhe 5’ end structure of
P4RNAs.

Total RNAs fromdcl234 were treated (+) or not (-) with various enzymed aubjected
to random-primed RT-PCR to detect specific PARNAsI (L-6; Table 2.1) with PARNA-
specific primers. PNK, polynucleotide kinase; TA®pacco Acid Pyrophosphatase; Ter,
Terminator Exonuclease. PCR with genomic DNA an@® Kiho RNASs in the reactions)
were included as positive and negative controkpeetively. Transcripts from two genes,
CBP20 andUBC21, were also detected by RT-PCR as controls. Asaggdethe levels
of these RNAs were only reduced by digestion withbTAP and Ter. B, Determination
of the 3’ end structure of P4ARNAs. Random-primed-FROR was performed on total
RNAs from dcl234 and dcl234 nrpdl, and polyA-enriched and polyA-depleted RNAs
from dcl234 to detect specific PARNAS. -RT, reverse transictiptvas performed in the
absence of reverse transcriptaSBP20 served as a positive control for polyA+ RNAs.
The CBP20 RT-PCR products in the polyA- fraction probablyleeted degradation
intermediates. C, Abundance of reads at 1639 P4Righons with detectable transcripts
in polyA+ RNA-seq. Two replicates of RNA-seq werenducted and the sum of the
numbers of normalized reads is shown. D, Abundasfcaanscripts at 698 P4RNA
regions discovered through the initial RNA-seqdatermined by RNA-seq from polyA+
and polyA- RNAs. The reduction in transcript abumck in dcl234 nrpdl was only
observed in polyA- RNASs, indicating that PARNAs KapolyA tails. E, A genome-
browser view of reads at a P4siRNA locus on chramas3 from sSRNA-seq and polyA-

RNA-seq. Read abundance is shown for both the Wagsmp) and Crick (bottom)
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strands. F, A genome-browser view of reads at &R locus on chromosome 2 from
sRNA-seq and polyA+ RNA-seq. Read abundance is sHowboth the Watson (top)

and Crick (bottom) strands.
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Figure 2.5 Decreased CHH DNA methylation irdcl234 compromises Pol IV
transcription.

A-C, P4siRNA loci are divided into four quartilescarding to P4siRNA abundance in
WT, with the first quartile containing loci with éhhighest levels of P4siRNAs. A, The
percentage of P4siRNA loci with and without PARN#etected in our dsRNA-seq for
the four quartiles. B, The levels of CHH methylatidecrease idcl234 compared to WT
for the four quartiles of P4siRNA loci with and tvitut precursors detected. The decrease
in CHH methylation was calculated using publishesthplome data (Stroud et al. 2013).
C, The percentage of PARNASs detected at D2 andiRI2Asloci for the four quatrtiles.
13,479 D2, 19,039 C2, and 47,742 total P4siRNA Veerie included in the analysis. D,
Correlation between P4RNA discovery and levels ldHOmethylation at the siRNA loci.
D2 and C2 siRNA loci are divided into four quarsileccording to their CHH methylation
levels indcl234. The percentage of loci with PARNASs detected icheguartile is shown.
As CHH methylation levels decreases, the succets ob PARNA discovery also
decreases in total P4siRNA loci. In terms of P4RMN&covery, D2 loci are more

sensitive to levels of CHH methylation.
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Figure 2.56 RdADM genes, epigenetic marks and P4siRNA biogenssi

A-C, Effects of mutations in various CHH methylatipathway genes on P4siRNA
biogenesis. The relative abundance of D2, C2 atal ®4siRNAs in various mutants
compared to WT is shown. The analysis was performiga published sRNA-seq data
(Lee et al. 2012; Law et al. 2013; Stroud et all40 For each genotype, reads
corresponding to P4siRNA loci were normalized aglagmall RNAs from non-P4siRNA
loci. P4siRNA loci were defined as those showinffedentially expressed siRNAs
between WT andrpdl (see Methods). A total of 47,742 total P4siRNAI|dS8,479 D2,
and 19,039 C2 loci were used in the analysis. AatRe siRNA abundance in mutants in
genes known to act in P4siRNA biogenesis. B, RedadiRNA abundance in mutants in
genes known to act downstream of P4siRNAs in RdOMRelative siRNA abundance
in mutants in genes that confer CHH DNA methylat@mnhistone H3K9 methylation.
nrpdl is included in B and C for comparison. D-E, Ovprtetween P4siRNA loci and
the epigenetic marks H3K9me2 or H3K27mel. PublisGatP-chip data were used to
define regions with H3K9me2 or H3K27mel (Roudieakt2011; Deleris et al. 2012).
D, Regions with H3K9me2, H3K27me1, or both H3K9na@? H3K27mel were divided
into 500 bp windows. The numbers of windows whedsiRNAs were present or not
were counted, and the percentage of total windavshown. E, The percentage of
P4siRNA loci with H3K9me2, H3K27mel, or both. Themmbers of D2, C2 and total
P4siRNA loci with H3K9me2, H3K27mel or both markere determined, and the

percentage of these total loci is shown.
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Figure 2.7 Models on the feedback regulation betwadPol IV transcription and
epigenetic marks at D2 and C2 loci.

At both D2 and C2 loci, P4siRNA biogenesis requies IV, RDR2, and DCL3. At D2
loci with high levels of methylated CHH and relatiy low levels of H3K9me2 or
H3K27mel, P4siRNAs and CHH methylation are in dttiteedback loop in which
P4siRNAs guide CHH methylation and CHH methylation turn promotes sSiRNA
biogenesis, probably by recruiting Pol IV. At CZilowith relatively low levels of
methylated CHH and extensive overlap with H3K9mea2 HB8K27mel, P4siRNA
biogenesis is only moderately affected by the atseof CHH methylation (in
drml12cmt23 andcmt2) or H3K9me2 (insuvh456). The high percentage of C2 siRNA loci
containing both H3K9me2 and H3K27mel suggests lbiodh epigenetic marks may

contribute to Pol IV recruitment at C2 loci.
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Figure 2S. 1 Genome-browser views of PARNA and srh&NA reads at two
P4siRNA loci on Chromosome 1.

The two loci are the same as the ones shown inr€&ig and 1B, except that three
biological replicates (rep) are shown separatele hBote that reads from the two

strands are not separately displayed.
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Figure 2S. 2 Detection of PARNAs.
A, Random-primed RT-PCR to detect PARNAs at 16viddal loci indcl234 and

dcl234 nrpdl. Genomic DNA and kD (no RNAs in the reactions) were included as
positive and negative controls, respectively. -Rlgerse transcription was conducted
in the absence of reverse transcriptase. B, Theeptage of reads that map to genes,
intergenic regions and P4siRNA loci in RNA-seq a@stRNA-seq. Three biological

replicates (rep) are shown
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Figure 2S. 3 PARNAs are derived from both DNA strads.

RT-PCR was performed with random primers or strepekific primers for reverse
transcription (RT) and sequence-specific primersHER to detect PARNAs. The
nature of the RT primers is indicated below theigelges. The Watson strand refers
to the reference strand in TAIR10 annotation; thielCstrand refers to the reverse
complementary strand of the reference. -RT, reveesescription was performed in

the absence of reverse transcriptase.
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Figure 2S. 4 Size distribution of PARNAs.

The number of PARNAs in different size ranges (inleotide) is shown.
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Figure 2S. 5 Relationships among P4RNAs, P4siRNAand CHH DNA
methylation.

A, The percentage of PARNA regions that overla Wwines, transposons, repeats,
and intergenic regions. B, The presence of P4a8&Rat loci dependent on DRM2
or CMT2 for CHH methylation. The percentage of DRM2 CMT2-dependent loci
with P4siRNAs is shown. DRM2- and CMT2-dependenti lvere defined as
differentially methylated CHH regions (DMRs) irm2 and cmt2, respectively,
relative to wild type. C, Venn diagram showing therlap among DMRs dependent

on Pol IV, DRM2, or CMT2.
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Figure 2S. 6 Chromosomal distributions of PARNAs ath other genomic features.

A, The chromosomal distribution of annotated geard genes overlapping with
P4RNAs. B, The chromosomal distribution of P4RNAsd aCHH methylated

regions. C, The chromosomal distribution of P4RN&sd regions containing
H3K27mel or H3K9me2. In A-C, the outermost layepresents each of the five
chromosomes, with the centromeres indicated bybtaek bands. The inner layers

represent the density of the featured regions (auded) in 5 kb windows.
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Figure 2S. 7 Features of PARNAs and Pol Il transdoed RNAs at P4siRNA loci.

A, A genome-browser view of reads from sRNA-seq g@aliyA- RNA-seq at a

P4siRNA locus on chromosome 1. This locus is alsows in Figure 3E; two

biological replicates (rep) are shown here. B, Aayee-browser view of reads from
SRNA-seq and polyA+ RNA-seq at a P4siRNA locus lmromosome 2. This locus is
also shown in Figure 3F; two biological replicates shown here. Normalized read
numbers are shown above or below the horizontaklifor reads from the Watson
and Crick strands, respectively. C, The percent#dgeanscripts derived from one
major strand at P4siRNA loci in polyA+ RNA-seq. Tinembers of reads from each
of the two strands at P4siRNA loci were countecpatlyA+ RNA-seq. Loci with

90% of the reads derived from one strand were densd as loci with transcripts

derived from one major strand.
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Figure 2S. 8 Plots showing the strandedness of sthBRNAs and polyA+ RNAs
from P4siRNA loci with Pol Il transcribed RNAs.

The x-axis and y-axis represent the numbers ofreads from the Watson and Crick
strands, respectively. Each dot represents on&kRdslocus, with the green and red
colors representing small RNAs and polyA+ RNAspeagively. Results from each
of two biological replicates (rep) of polyA+ RNAgeand the corresponding sRNA-

seq fromdcl234 anddcl234 nrpdl are shown as indicated.
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Figure 2S. 9 The presence of PARNAs ticl234 is correlated with the levels of
CHH methylation but not P4siRNA abundance.

A, A pie chart showing the reasons why PARNAs wesedetected by comparing
dcl234 to dcl234 nrpdl in dsRNA-seq. Low read abundance was defined tasah
read count of less than 0.9RPM in all thdet234 libraries at a particular P4siRNA
locus. The loci with p-value > 0.01 showed a cstesit reduction in read abundance
in dcl234 nrpdl1 but did not pass the p-value filter for the antiotaof PARNAs. B,
The relative abundance of D2 and C2 siRNAs as uhetexd by two replicates of
SRNA-seq. P4siRNAs of 21nt, 22nt, 23nt, 24nt andl28t (total) are shown. C and
D, A lack of correlation between the ability to eett PARNAs and the abundance of
siRNAs at the corresponding loci in WT. P4siRNAilazere divided into four
quartiles according to P4siRNA abundance in WT i@ first quartile being loci
containing the most abundant P4siRNAs. C, The CHithgiation level in WT for
the four quartiles of loci. SiRNA loci with or witlut PARNA detected in our dsRNA-
seq (comparinglcl234 anddcl234 nrpdl) are shown separately; the two types of loci
do not show drastic differences in their levelsGHH methylation in WT. D, The
CHH methylation level for the four quartiles of iae dcl234. P4siRNA loci without
P4RNAs detected in our dsRNA-seq have lower CHHhglation indcl234 relative

to loci with PARNAS detected.
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Figure 2S. 10 Differences between D2 and C2 loci R4RNA discovery,
P4siRNA levels, and CHH methylation levels.

A-C, D2 and C2 siRNA loci were divided into fouraytiles according to their CHH
methylation levels indcl234. A, The relative abundance of PARNAsdd234 in
each quartile. B, Average CHH methylation levelsl@t234 in the four quartiles. C,
The relative abundance of P4siRNAgti234 in each quartile. D-E, D2 and C2 loci
were divided into four quartiles according to thelH methylation levels in WT. D,
The average CHH methylation levels in WT in therfowartiles. E, The relative

abundance of P4siRNAs in WT in each quartile.
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Figure 2S. 11 CHH methylation, H3K27mel, and H3K9nt levels in WT and
various mutants.

A-B, CHH methylation levels in various genotypeda (A) and C2 (B) loci. CHH

methylation levels were determined (see Methods)gugublished methylome data
(Stroud et al. 2013; Stroud et al. 2014). C-D, H3iK21 levels at D2 and C2 loci as
determined by ChIP-chip (Roudier et al. 2011). 6e humber of probes that show
H3K27mel signals at various genomic features imptitdished ChIP-chip study. D,

The average H3K27mel ChIP-chip signal intensitthatindicated genomic regions
corresponding to the probes in C. Results from bimogical replicates (rep) are
shown separately. E-F, H3K9me2 levels at D2 anddCRas determined by ChIP-
chip (Deleris et al. 2012). E, The number of prolvéh H3K9me2 signals at various
genomic features in the published ChIP-chip stligylhe average H3K9me2 signal
intensity at the indicated genomic regions corresjpmy to the probes in E. Results

from two biological replicates (rep) are shown safely.
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Tables

Table 2. 1 Chromosomal positions of the P4siRNA loexamined by RT-PCR in

this study.

Name Chromosome Start Position End Position
Locus 1 Chrl 11619088 11619830
Locus 2 Chr3 5780028 5780762
Locus 3 Chr3 7419920 7421330
Locus 4 Chr3 10691074 10691841
Locus 5 Chr3 10747222 10748309
Locus 6 Chrl 4506452 4507032
Locus 8 Chr2 5661047 5661660
Locus 13 Chr2 2865442 2866452
Locus 20 Chr3 11042663 11043163
Locus 23 Chr3 14729148 14731788
Locus 26 Chr3 15682149 15682550
Locus 27 Chr3 17842320 17843219
Locus 28 Chr3 20030863 20031378
Locus 30 Chrl 23453816 23455008
Locus 33 Chr4d 12841422 12842570
Locus 38 Chrd 272801 273244
Locus 40 Chr5 9800868 9801476
Locus 41 Chrbs 1410300 1410550
Locus 42 Chr5 17174556 17175364
Locus 43 Chrb 20313464 20314875
Locus 44 Chrbs 22706840 22707252
Locus 45 Chrb 22707688 22708114
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Table 2. 2 GO annotation of genes overlapping witR4RNAs.

GO ID Gené |Gené o-value Adjusted | o Torm GO
number | number p-value category
beta- molecular
G0:0004565| 40 12 9.37E-107.59E-08 galactosidasef .
.. unction
activity
G0:0015925| 44 12 3.18E-092.57E-07 92lactosidase | molecular
activity function
hydrolase
G0:0016798| 442 33 1.02E-068.25E-05 2CtVIy, acting| molecular
on glycosyl function
bonds
structural molecular
G0:0005199| 39 9 1.43E-061.16E-04 constituent of |10 °
cell wall unction
hydrolase
activity, molecular
G0:0004553| 412 31 1.83E-061.48E-04 hydrolyzing O- ¢ >~
unction
glycosyl
compounds
G0:0030145| 39 8 1.41E-051.14E-04 Manganese ionmolecular
binding function
G0:0030599| 147 | 15 2 80E-052.27E-03 PECtinesterase molecular
activity function
G0:0004650| 71 10 3.94E-053.19E-03 Polygalacturon molecular
ase aCtIVIty function
G0:0007047| 165 | 16 3.50E-051.58E-03 Cell wall | biological
organlzatlon process
external
G0:0045229| 183 | 16 1.21E-045.45E-03 SNcapsulating| biological
structure process
organization
cell wall biological
G0O:0070882| 229 18 1.82E-048.18E-03 organization o rocegss
biogenesis b
GO:0012505) 4063 | 207 | 2.10E-154.62E-14 Sndomembranccellular
system Component
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G0:0009341

30

10

9.42E-092.07E-07

beta-
galactosidase
complex

cellular
component

1 All annotated genes

2 Genes overlapping with PARNAs
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Table 2. 3 Published genomic datasets used in tiggidy.

Library Genotype Geo ID Publication
ChlP-chip (H3K9me2)| Col GSE37075 Deleris et al. 2012
ChlIP-chip

(H3K27mel) Col GSE24710 Roudier et al. 2011
BS-seq Col repl GSM938370 | Stroud et al. 2013
BS-seq Col rep2 GSM980986 | Stroud et al. 2013
BS-seq Col rep3 GSM980987 | Stroud et al. 2013
BS-seq clsyl GSM981000 Stroud et al. 2013
BS-seq cmt2 GSM981002 Stroud et al. 2013
BS-seq dcl234 GSM981008 Stroud et al. 2013
BS-seq dms3 GSM981010 Stroud et al. 2013
BS-seq dms4 GSM981011 Stroud et al. 2013
BS-seq drdl GSM981014 Stroud et al. 2013
BS-seq drml2 GSM981015 Stroud et al. 2013
BS-seq nrpdl GSM981039 Stroud et al. 2013
BS-seq nrpel GSM981040 Stroud et al. 2013
BS-seq rar2 GSM981044 Stroud et al. 2013
BS-seq rdmil GSM981042 Stroud et al. 2013
BS-seq suvh456 GSM981060 Stroud et al. 2013
BS-seq Col GSM1242401 | Stroud et al. 2014
BS-seq drml2cmt23 GSM1242404 | Stroud et al. 2014
SRNA-seq Col GSM1242406 | Stroud et al. 2014
SRNA-seq cmt2 GSM1242407 | Stroud et al. 2014
SRNA-seq drml2cmt23 GSM1242409 | Stroud et al. 2014
SRNA-seq suvh456 GSM1242410 | Stroud et al. 2014
sSRNA-seq Col GSM893118 | Leeetal. 2012
sSRNA-seq dms4 GSM893119 Lee et al. 2012
SRNA-seq drdl GSM893120 Lee et al. 2012
SRNA-seq dms3 GSM893121 Lee et al. 2012
SRNA-seq rdmil GSM893122 Lee et al. 2012
sSRNA-seq Col repl GSM1103235| Law et al. 2013
sSRNA-seq Col rep2 GSM1103236| Law et al. 2013
SRNA-seq nrpel GSM1103238 | Law etal. 2013
SRNA-seq drm2 GSM1103240 |Law etal. 2013
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Table 2. 4 Primers used in this study.

Name Sequence Purpose
Locus IF | AATACAAGCAACATAGGGAAG | RT-PCRforlocus 1 _
Watson strand primer for R
Locus IR | AACCAAGCCACAAATCTCT RT-PCR for locus 1
Crick strand primer for RT
Locus 2F | TATCGTATTGTCGTCCTTGA | RT-PCRforlocus 2 _
Watson strand primer for R
Locus 2R | GTCCCACTCCACTTTCATT RT-PCRior locus 2
Crick strand primer for RT
Locus 3F | GGGAAACGACTTTGTATGTT | RT-PCRforlocus 3 _
Watson strand primer for R
Locus 3R | ATTGCTCTGGTGTTCTCACT | RT-PCRfor locus 3
Crick strand primer for RT
Locus 4F | AGCATCCCCAATAACAAAT RT-PCR for locus 4 _
Watson strand primer for R
Locus 4R | ATCTACGAGGTCAGTCAAGG | RI-PCRforlocus 4
Crick strand primer for RT
Locus 5F | CGAACAGCACCACTAAGC RT-PCR for locus 5 _
Watson strand primer for R
Locus5R | GAAGGAAAAGCAACTCACTC | RT-PCRiorlocus 5
Crick strand primer for RT
Locus 6F | GCATCATTCACAGTATCCAA | RT-PCRiorlocus 6 _
Watson strand primer for R
Locus 6R | GTTCTTCTTCTTCGGGTATC | RI-PCRforlocus 6
Crick strand primer for RT
Locus 8F AAAGAGATGTTGGTGAAAGG RT-PCR for locus 8
Locus 8R CTTGATGGGTGGAATGAC RT-PCR for locus 8
Locus 13F | TAAGATTGATGTAACTGGGAAG| RTPCR forlocus 13 _
Watson strand primer for R
Locus 13R | TCGGTAGAGATGACTTGAGA | RI-PCRforlocus 13
Crick strand primer for RT
Locus 20F | GAACAAGGCTACTGTGGTG | RI-PCRforlocus 20 _
Watson strand primer for R
Locus 20R | GGAAGGCATCCATTTGAT RT-PCR for locus 20
Crick strand primer for RT
Locus 23F AAGAAAGCCCAAGTAGAAGA RT-PCR for locus 23
Locus 23R AGCGTATCAACCCAAATG RT-PCR for locus 23
Locus 26F AACTACCCCAATCCTTTCTA RT-PCR for locus 26
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Locus 26R CTGGTCACTTCTCCGATG RT-PCR for locus 26
Locus 27F TACTCTTGGCTTCTCAAAAC RT-PCR for locus 27
Locus 27R CATTGTGTCCTCCTGTTACC RT-PCR for locus 27
Locus 28F TGGATACTTGCCTCGTGT RT-PCR for locus 28
Locus 28R CCAGATGGAGACATTATTG RT-PCR for locus 28
Locus 29F CTTATGGCGGTTCTCAGT RT-PCR for locus 29
Locus 29R TCCTTCTCTCTCTTCTCCAG RT-PCR for locus 29
Locus 30F | ATAGCCTTCAACACTTGCTT | RT-PCR forlocus 30 _
Watson strand primer for R
Locus 30R | GAGTTCATTCTCCGACTTTC | RT-PCR forlocus 30
Crick strand primer for RT
Locus 33F CCAGAAGAATAGCATAGAAGC | RT-PCR for locus 33
Locus 33R TAGGAATACAAGACCTCAAATG| RT-PCR for locus 33
Locus 34F ATGTTGAATGGCTCTATGC RT-PCR for locus 34
Locus 34R ACGCTCTTGCTCATCTTC RT-PCR for locus 34
Locus 35F TCCTCCTCATTCTCCTACAT RT-PCR for locus 35
Locus 35R AACTTTTCAGACCTAACATCAA | RT-PCR for locuss3
Locus 38F GATGGACTCTCTGGCTTG RT-PCR for locus 38
Locus 38R AACGGTGGTGATTATGGA RT-PCR for locus 38
Locus 40F ATTATTCAAACTCACCACAAAG | RT-PCR for locus4
Locus 40R AATCGCCTTCACAACATTA RT-PCR for locus 40
Locus 41F TGCTTTTCCTTCACTCTTCT RT-PCR for locus 41
Locus 41R TAACGGCTCTATCACTTTTG RT-PCR for locus 41
Locus 42F AGGGAGTAATAGATGTGATGG | RT-PCR for locus 42
Locus 42R ATTTAGGAGGAGCAAAAGC RT-PCR for locus 42
Locus 43F GGTGTTGGATAAAGGGTAGA RT-PCR for locus 43
Locus 43R CATCTTGTGAGCAGGAAAA RT-PCR for locus 43
Locus 44F GTAAATAAACCCAAGAACCAC | RT-PCR for locus 44
Locus 44R TGCGAAACTAATGGAAGAAT RT-PCR for locus 44
Locus 45F TTTGGTAGAATAGAAGGAATGA| RT-PCR for locus 45
Locus 45R TGAAATAAGATGGGGACAAT RT-PCR for locus 45
UBC-F TACAGCGAGAGAAAGTAGCA RT-PCR for locus/BC21
UBC-R GCAAAGGATAAGGTTCAGG RT-PCR for locugBC21
CBP20-F TCAGGAACACAAGAGGAGTT RT-PCR for locusBP20
CBP20-R AGAACAGGACGAAACAAAAG RT-PCR for locu€BP20
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Table 2. 5 Genomic datasets generated in this stuty

Library Genotype

dsRNA-seq dcl2-1 dcl3-1 dcl4-2 rept
dsRNA-seq dcl2-1 dcl3-1 dcl4-2 rep2
dsRNA-seq dcl2-1 dcl3-1 dcl4-2 rep3
dsRNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3 repl
dsRNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3 rep2
dsRNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3 rep3
RNA-seq dcl2-1 dcl3-1 dcl4-2 repl
RNA-seq dcl2-1 dcl3-1 dcl4-2 rep2
RNA-seq dcl2-1 dcl3-1 dcl4-2 rep3
RNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3repl
RNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3 rep2
RNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3rep3
RNA-seq-DSN dcl2-1 dcl3-1 dcl4-2
RNA-seq-DSN dcl2-1 dcl3-1 dcl4-2 nrpdl-3
RNA-seq-DSN dcl2-1 dcl3-1 dcl4-2 rdr2-1

RNA-seq (poly A+)

dcl2-1 dcl3-1 dcl4-2

repl

RNA-seq (poly A+)

dcl2-1 dcl3-1 dcl4-2

rep2

RNA-seq (poly A+)

dcl2-1 dcl3-1 dcl4-2

nrpdl-3repl

RNA-seq (poly A+)

dcl2-1 dcl3-1 dcl4-2

nrpd1-3 rep2

RNA-seq (poly A-)

dcl2-1 dcl3-1 dcl4-2

repl

RNA-seq (poly A-)

dcl2-1 dcl3-1 dcl4-2

rep2

RNA-seq (poly A-)

dcl2-1 dcl3-1 dcl4-2

nrpdl-3repl

RNA-seq (poly A-)

dcl2-1 dcl3-1 dcl4-2

nrpdl1-3 rep2

sSRNA-seq Col repl

sSRNA-seq Col rep2

SRNA-seq nrpd1-3 repl

SRNA-seq nrpd1-3 rep2

SRNA-seq dcl2-1 dcl3-1 dcl4-2 repl
sSRNA-seq dcl2-1 dcl3-1dcl4-2 rep2
SRNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3 repl
SRNA-seq dcl2-1 dcl3-1 dcl4-2 nrpdl-3 rep2
SRNA-seq rdr2-1repl

SRNA-seq rdr2-2 rep2

sSRNA-seq dcl3-1 repl

SRNA-seq dcl3-1 rep2

sSRNA-seq clsyl




1 The datasets have been deposited in the GenedSxpn Omnibus at National
Center for Biotechnology Information under the a&sten number GSE57215.

2 rep: biological replicate
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Chapter 3. SUVH1, a histone methyltransferase, isequired for the expression of
genes targeted by DNA methylation

Abstract

Transposons and repeats are found throughout thenges of all organisms. To prevent
the harmful effects of these elements, repressiaeksnsuch as DNA methylation and
H3K9me2 have evolved to control transposon actigityg ultimately maintain genome
integrity. However, how silencing mechanisms arenikelves regulated to avoid
stochastic silencing of genes remains unclear. Hegative regulators of silencing were
identified using a forward-genetic screen on a ripdine that harbors BUCIFERASE
(LUC) gene driven by a doublgsS promoter. SUVH1, a SU(VAR)3-9 homolog, was
isolated as a factor promoting the expression ®LthC gene. Treatment with a cytosine
methylation inhibitor abolished the effect of thevhl mutation, indicating that SUVH1
is dispensable fotUC expression in the absence of DNA methylation. Hewethe
suvhl mutation did not alter DNA methylation levels het.UC region or on a genome-
wide scale; thus, SUVH1 may function downstreamDMNA methylation. Histone
methylation analysis revealed tteaivhl led to decreased H3K4me3 levels; in contrast,
H3K9me2 levels remained unchanged. Moreover, cheniaation of endogenous genes
indicated that SUVH1 functions at genes with regires marks in the promoter region.
Taken together, these findings shed light on tigellegory network acting at genes with

various epigenetic marks.
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Introduction

Chromatin structure, histone modifications and DidAthylation regulate expression and
influence transposon activity. The model planébidopsis has been used to uncover the
molecular framework of DNA methylation, which isitaal for the regulation of
transposon activity and the maintenance of genartegiity. The RNA-directed DNA
methylation (RdADM) pathway is responsible for ebthiing DNA methylation at CG,
CHG and CHH contexts (H = A, C, T) and maintainagymmetrical CHH methylation
(Law and Jacobsen 2010; Matzke and Mosher 2014nadiotain symmetrical CG and
CHG methylation during DNA replication, DNA methyhsferases MET1 and CMT3
methylate the newly synthesized strand using tberokthylated strand as a guide (Chan
et al. 2005; Stroud et al. 2013). DNA methylatian @also be actively erased through
demethylation. Four DNA glycosylases involved in AMNemethylation are known
(Morales-Ruiz et al. 2006; Penterman et al. 20DRJE, which functions primarily in the
seed (Choi et al. 2002), and three DME homologs JRCDML2 and DML3) with
broader domains of activity in the plant (Gong kt2802; Lister et al. 2008; Ortega-
Galisteo et al. 2008).

Histone modifications also influence gene expressid3K4me3 is a well-
recognized active mark deposited by the SET donmaoteins ATX1 and ATXR3
(Alvarez-Venegas and Avramova 2005; Berr et al.02@uo et al. 2010). H3K9me2 is a
repressive mark that mediates the chromatin adsmtiaf CMT3 through its bromo-
adjacent homology and chromo domains (Du et al2POHuman, murine and yeast

Su(var)3-9 proteins were shown to have histone yitedimsferase activity (Rea et al.
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2000). InArabidopsis, there are ten Su(var)3-9 homologs, which canibdetl into the
four following subgroups: SUVH1, SUVH2, SUVH4 andJ¥H5 (Naumann et al.
2005). SUVH4, SUVH5 and SUVHG6 belonging to the SUVvbBhd SUVH5 subgroups
are active H3K9me2 methyltransferases (Ebbs andl@e®006; Stroud et al. 2014).
SUVH2 and SUVH9 in the SUVH2 subgroup are playerRdDM; they are required for
Pol V occupancy at regions with DNA methylationi{dson et al. 2014, Liu et al. 2014).
No functions have been reported for any of the SW\édbgroup proteins, which include
SUVH1, SUVH3, SUVH7, SUVH8 and SUVH10 (Naumann [e2805).

Although DNA methylation and H3K9me2 largely occur heterochromatic
regions, they are also found in euchromatic regmhere genes are located. In fact,
when such epigenetic modifications are close t@ggtine expression of the nearby genes
could be repressed (Soppe et al. 2000; Liu et@G42Henderson and Jacobsen 2008).
This raises the question of how genes with nearaysposable elements can overcome
the effects of epigenetic silencing to be expres®éith the goal of identifying negative
regulators of gene silencing, a forward genetieserwas performed using a reporter line
namedYJ11-3F (hereafter referred to asJ), which harbors a luciferase geneJC)
driven by a doubl&5S promoter, which harbors DNA methylation. A mutaticausing
decreased luciferase activity was mapped tohéH1 locus. Treatment of th¥J and
YJ suvhl lines with the cytosine methylation inhibitor 5-A2adeoxycytidine
compromised the effect of theevhl mutation, indicating that SUVH1 functions in the
DNA methylation pathway. However, the results ofrBIC treatment and genome-wide

methylome profiling data revealed that the/hl mutation did not lead to changes in
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DNA methylation levels; thus, SUVH1 may functionwdtstream of DNA methylation.
ChIP analyses of various repressive and active srstrtkwed that theuvhl mutation led
to decreased H3K4me3 levels, with no changes obdefor H3K9me2. The present
findings suggest that SUVH1 counteract the effectDINA methylation through

H3K4me3 to promote gene expression.

Results

Two reporter lines with a LUC gene driven by the double 35S promoter

To identify new factors in DNA methylation and tsaniptional gene silencing (TGS),
particularly negative factors, two reporter lineghwa LUC gene driven by the dual
cauliffower mosaic virus35S promoter 355 was employed in our lab in forward
genetic screens. To avoid the posttranscriptioni@n@ng of the transgenes, both
transgenes were introduced into tle6-11 background. One of the reporter lines is
namedLUCH (LUC repressed by CHH methylation), in which high levef DNA
methylation and small RNAs are present at d386S promoter (Won et al. 2012). In
LUCH, LUC expression is strongly de-repressed by decreade¢d Dethylation in
RdDM mutants such aago4, drdl, nrpel, drm2, and further suppressed by increased
DNA methylation in aosl mutant (Won et al. 2012). The other line is naM&dwhere
LUC is also driven by a35S promoter but the site of transgene insertionYihis
different from that il.UCH. Although similar levels of DNA methylation aretdeted at
d35S promoter inYJ and LUCH, LUC expression levels are much higherYihthan in

LUCH. WhenLUC expression was determined in RdDM mutants anosh mutant, no
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de-repression was observed in RdADM mutants (suctirdls ago4, and nrpel) but a
suppression oLUC expression was observed in thesl mutant (unpublished results),
which suggests thdtUC in YJ is regulated by DNA methylation but not by the CHH
methylation maintained by the RdADM pathway. To Hertexamine the effect of DNA
methylation orLUC expression in the two reporter lines, the plargsengrown on media
containing the cytosine methylation inhibitor 5-&aleoxycytidine. LUC expression in
all of the plants includingYJ, LUCH, LUCH ago4, was increased by 5-aza-2’-
deoxycytidine treatment (unpublished results). dnatusion, thd.UC transgene in both
reporter lines is under repression by DNA methglatiwith LUC in LUCH being

sensitive to CHH methylation andJC in YJ not sensitive to CHH methylation.

Identification of a suvhl mutant involved in the DNA methylation pathway

To identify new factors in DNA methylation and tsaniptional gene silencing (TGS),
particularly negative factors, the YJ line was teeawith ethyl methanesulfonate (EMS)
for a forward genetic screen. A mutant exhibitieduced luminescence was isolated, and
gRT-PCR confirmed the reduced expression of thestrane (Figure 3.1A). Traditional
map-based cloning revealed a G to A mutation thased a Q to E substitution in the
SET domain of SUVH1 (Figure 3.1B). A wild-tyj8JVH1 genomic fragment introduced
into this mutantcompletely rescued the reducedC expression in 19 out of 20 T2
transgenic lines (Figure 3.1A, data not shown)rehg confirming that thesuvhl
mutation was responsible for the observed decremg®C transcripts. This mutation

was designateduvhl-1 and is hereafter referred to as/hl. The equal expression of
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SUVH1 in YJ andYJ suvhl indicated that theuvhl mutation affectsSUVH1 function at
the protein level (Figure 3S.1). The introductidnttee suvhl mutation intoLUCH also
led to decreasedUC expression; thus, theivhl mutation decreasddJC expression in
both theYJ and LUCH backgrounds (Figure 3.1C). These studies showShatH1 is
required for the expression of two transgenes. Wais unexpected as three other SUVH
genes, SUVH4, SUVH5, and SUVH6 belonging to anothdygroup, are required for
gene silencing.

To determine whether SUVH1 regulate§)C expression through the DNA
methylation pathwayl. UC expression levels were analyzed¥a suvhl, LUCH suvhl
and control plantsYJ and LUCH, respectively) treated with the cytosine methglati
inhibitor 5-aza-2’-deoxycytidine. Luminescence inmggand qRT-PCR revealed that the
decreases ihUC expression observed wisavhl were completely eliminated in both the
YJ and LUCH backgrounds following chemical treatment (Figu@&D and 3.1E).
Therefore, eliminating the DNA methylation of th&JC reporter gene completely
suppressed theuvhl phenotype, indicating that SUVH1 functions throutje DNA

methylation pathway.

The suvh1 mutation does not affect DNA methylation

The next question addressed was whetherstiiiel mutation leads to increased DNA
methylation levels. First, the methylation levelsaanalyzed at theUC transgene using

a gPCR-based assay. DNA was digested by the metn/sensitive restriction enzyme

McrBC that cleaves methylated DNA, and realtime R&& performed on the digested
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DNA. Weaker PCR bands are expected at hypermetiuyledgions following McrBC
treatment. Surprisingly, despite the drastic desenlLUC expression in botNJ suvhl
andLUCH suvhl, no differences were observed for the methylakewels at the double
35S promoter when comparingJ to YJ suvhl or LUCH to LUCH suvhl (Figures 3.2A
and 3.2B). For theeUC coding region, methylation levels were low in both and
LUCH, and increased DNA methylation was not observethé&suvhl mutant (Figures
3.2A and 3.2B). To further assess whether SUVHIL@nices DNA methylation levels,
MethylC-seq was performed to interrogate the statlBNA methylation at the genomic
scale. Two biological replicates were performed YOr and YJ suvhl; the bisulfite
conversion efficiency and coverage are listed iblds 3.1 and 3.2. The methylation
levels of the doubl85S promoter and.UC were determined. As shown in Figures 3.2C
and 3.2D, there were no methylation level diffeenat either the highly methylated
double35S promoter or the unmethylatédJC coding region when comparing andYJ
suvhl. These results confirmed that the decreds$¢@ expression observed in tbavhl
mutant was not attributable to increased DNA maetigh, indicating that SUVH1
functions downstream of DNA methylation.

We next examined whether SUVHL1 influences DNA mnjketiion at endogenous
loci. No significant changes in the levels of DN/Aetiylation at the genome-wide scale
were found when comparinyJ and YJ suvhl (Figure 3.2E). To determine whether
SUVH1 influences DNA methylation at a subset of guait loci, differentially
methylated regions (DMRSs) betwe¥d andYJ suvhl were identified. There were 144, 4

and 314 CG, CHG and CHH DMRs, respectively, withueed DNA methylation, and
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274, 80 and 276 CG, CHG and CHH DMRs, respectivalith increased DNA
methylation inYJ suvhl as compared t&J. In light of the total number of regions
analyzed (1196682 regions, of which 252111, 13620d 142622 are CG, CHG and
CHH methylated regions, respectively), the possybihat the identified DMRs reflected
random noise was considered. Specifically, the DMBtgined in the present study were
compared to the DMRs previously obtained by anotireup (Stroud et al. 2013) to
identify overlapping DMRSs. In their study, they dse salk line with T-DNA insertion
(SALK_003675) in the exon of SUVH1. The analysisnghated most of the DMRs
identified in the present study, leaving only 12aid 10 hypo CG, CHG and CHH
DMRs, respectively, and 10, 16 and 66 hyper CG, Gi@ CHH DMRs, respectively.
Moreover, correlation analysis of the methylatie@vdls in YJ and YJ suvhl was
performed. As shown in Figure 3S.2, there was lat tigear correlation betweeyy and
YJ suvhl when levels of methylated CG, CHG and CHH werarerad. Taken together,
the McrBC and methylome profiling data indicatettisavhl does not affect DNA
methylation levels either at th&JC region or on a genome-wide scale. Instead, tleceff
of suvhl on LUC expression may have reflected activity downstream DNA

methylation.

The suvhl mutation causes decreased H3K4me3 levels withoutfecting H3K9me?2
levels

Because SUVHL1 is a member of the H3K9me2 methyteaase family, the effect of the
suvhl mutation on H3K9me2 levels was analyzéd YJ, H3K9me2 was found at the

double35S promoter but not at theUC coding region. Theuvhl mutation did not result
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in a significant increase in H3K9me2 levels at lthé&C coding region or the doubRB5S
promoter (Figure 3.3A). This indicates that SUVHied not impact H3K9me2 levels.
We next examined the status of histone modificatiassociated with gene expression,
namely, histone acetylation marks and H3K4me3. déaeased UC expression iryJ
suvhl was not accompanied by decreased H3K9Ac or H3K1k#els (Figure 3.3C).
For H3K4me3, no differences were observed in thebto35S promoter region, but
there was a significant decrease in th¢C coding region (Figure 3.3B). These results
suggest that SUVH1 promotét)C expression through H3K4me3, either directly as an
H3K4me3 methyltransferase or by affecting the fiomct of H3K4me3
methyltransferases. Alternatively, the reduced HB3K3 levels are a consequence of

reduced LUC expression savhl.

SUVH1 has an anti-silencing role at certain endog&us loci

In light of the anti-silencing function of SUVH1 dransgenid.UC expression, its effect
on the expression of endogenous loci was also tigated. Specifically, mMRNA-seq
libraries were constructed to profile the trandcnmpes ofYJ andYJ suvhl. To identify
differentially expressed genes, the fold changevéeth YJ and YJ suvhl RPKM-
normalized read abundance was calculated (whereVRiRHicates reads per kilobase of
a gene per million mapped reads), and the p-valas ®@alculated using the Poisson
distribution (Marioni et al. 2008). Considering tlb&ect of noise on the calculations
based on the genomic data, different combinatidng-walues and fold changes were

considered when assessing the effect obtithl mutation (Table 3.3). Regardless of the
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cutoff used, the number of genes with decreasatdrgpt levels always exceeded the
number of genes with increased transcript levela assult of thesuvhl mutation. To
analyze the effect of theivhl mutation on transcripts located at the intergeagions,
the genome was divided into 500 bp static windamsl transcript level comparison was
performed for each window. As shown in Table 3i& predominant effect of thseivhl
mutation was decreased expression. To validatéhtery data, eight loci were selected
(six genes and two un-annotated transcripts) aatyzed using gRT-PCR (Figure 3.4A).
At four of the eight loci (three genes and one onedated transcript), decreased
transcript levels were consistently detectedrdrsuvhl. Moreover, these four loci were
tested in theLUCH background, and decreased expression was conbistdrserved
with the suvhl mutation (Figure 3S.3). These results suggestShAtH1 promotes the

expression of certain endogenous genes.

SUVH1 may promotes gene expression at DNA-methylatdoci through H3K4me3

To follow up on the finding that the role of SUVH@& promoting LUC expression
involved the maintenance of H3K4me3 levels, the D& histone methylation of the
four confirmed endogenous loci were also asse3dezl whole-genome methylome data
were used to determine the DNA methylation levelsha four endogenous loci. As
shown in Figure 3.4B and Figures 3S.4A, 3S.4B a@d@, the promoter regions of the
endogenous loci exhibited high levels of DNA me#tigin that remained unchanged in
YJ suvhl, consistent with the observation for the do888 promoter and.UC transgene.

H3K4me3 and H3K9me2 ChIP assays were performeddesa the histone methylation
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levels of the endogenous loci. Although H3K9me2 &i#t8K4me3 occurred at the
promoter regions, no differences were observed dmtwJ andYJ suvhl (Figure 3.4C).

The coding regions contained almost no H3K9me2. éle@ry decreased H3K4me3
levels in the coding regions were detectedrinsuvhl (Figure 3.4C). Considering the
presence of an SRA domain and a SET domain in SUWt¢ke results support a role of

SUVHL1 in promoting H3K4me3 at regions with DNA myttion.

The genetic relationships betwee®SUVH1 and DNA methylation factors

The findings that SUVH1 functions at genes with DiN¥ethylated promoters prompted
the question of how SUVHL is related to the RADMhpay. It has been proposed that
NRPEL, the largest Pol V subunit, produces nonfapdicaffold transcripts that recruit
the AGO4-siRNA complex (Wierzbicki et al. 2008; \Wabicki et al. 2009). With the
mutations INNRPEL, the RdDM pathway is disrupted and CHH methylatamnot be
maintained (Stroud et al. 2013); in contrast, CHE&thylation and CG methylation are
virtually unaffected. To determine whether the SUvtdrgeted loci are regulated by
RdDM and whether CHH methylation is required for\&{1 function, qRT-PCR was
performed to detect the transcript levels of thev8W-targeted loci inYJ nrpel andYJ
suvhl nrpel. In YJ nrpel, in which CHH methylation cannot be maintainede th
expression of SUVH1-targeted loci was de-repre¢Baglire 3.5A), indicating that these
loci are also under the regulation of RADM. Theregpion levels of the SUVH1-targeted

loci in YJ suvhl nrpel were greatly reduced relative Y3 nrpel (Figure 3.5A), indicating
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that loss of CHH methylation does not alleviate thquirement for SUVH1 in the
expression of these genes.

The DNA glycosylase/lyase ROS1 is a DNA demetlg/l@sgius et al. 2006), and
rosl mutants exhibit increased DNA methylation (at GG and CHH) (Lister et al.
2008; Stroud et al. 2013). The transcript levelstlnd SUVH1-targeted loci were
examined inyJ rosl by qRT-PCR to determine whether they are regulayeRBOS1. The
results showed decreased transcript levels fofdteloci in YJ rosl relative to theYJ
control (Figure 3.5B), indicating that the SUVH¢geted loci are also regulated by the
ROS1 demethylation pathway. Next, the transcriptle of the SUVH1-targeted loci
were examined in th&J suvhl rosl double mutant to determine whether ROS1 and
SUVHL1 function in the same pathway. Decreased ¢rgtdevels were observed for the
SUVH1-targeted loci inYJ suvhl rosl compared toYJ rosl. Additionally, SUVH1
transcript levels were unchanged in the RADM mutéiRigure 3S.1), which contrasts the
decreased expression of ROS1 pathway factors wieeRdDM is disrupted (Huettel et
al. 2006; Qian et al. 2012). These results sugipestROS1 and SUVH1 are not in the
same pathway, which is consistent with the previmding that thesuvhl mutation does

not alter DNA methylation levels.

Lack of anti-correlation between promoter DNA methyation and gene expression
DNA methylation is an important mechanism for s@ssing the expression of
transposons and is established through the RdDwaat A possible consequence of

transposon insertion into the promoter of a gersippression of the gene through DNA
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methylation. Using existing methylome and gene esgion datasets, we explored
whether there is any anti-correlation between geqeession levels and promoter DNA
methylation. We determined the DNA methylation leae 1 kb regions upstream of
genes from methylome data and derived the correpgrgene expression levels from
MRNA-seq data. As shown in Figure 3S.5, DNA metigtalevels tended to be low in
gene promoter regions, regardless of whether CGG G CHH methylation was
considered, and there was no strong anti-correlabetween gene expression and
promoter DNA methylation level. Genes with or witihtoDNA methylation in their
promoters were found to have high, medium or lopression levels. Despite the role of
DNA methylation in suppressing gene expressionggemith DNA methylation at the
promoter region are not necessarily suppressedcainny that some regulatory

mechanism must exist to override this suppressiakm

Discussion

Since the initial discovery of transposons by Beab®cClintock, the regulation of
transposons has been widely investigated. DNA nhatiby is a well-recognized
epigenetic mark for the suppression of transposamsctription, and numerous effectors
involved in the DNA methylation pathway, from i@itiestablishment to maintenance,
have been characterized. However, the understarafiogpposing mechanisms and the
negative regulation of DNA methylation is very lited. In the present study, a forward-
genetic screening approach was used to identifathegregulators with an anti-silencing

function. SUVH1, which encodes a SET-domain protein, was iderdifiyl found to
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promote the expression of reporter gene expressiy when their promoters harbor
DNA methylation.

Although DNA methylation deposition has been wstludied, subsequent
processes downstream of DNA methylation functiorvehaot been as thoroughly
explored. At present, there are two known typesooiserved domains capable of binding
methylated DNA: the SET and RING-associated (SR#pain (Rajakumara et al. 2011)
and the METHYL-CpG-BINDING domain (MBD) (Fourniett @l. 2012). In animals,
MBD proteins have been implicated in the establishihof repressive chromatin marks
through the promotion of histone deacetylase arsiohé methyltransferase activity
(Jones et al. 1998; Nan et al. 1998; Zhang et®91Fuks et al. 2003a). One family of
SRA proteins, the RING-associated VARIANT IN METHXILION (VIM)/ORTHRUS
(ORTH) family and their homologs in animals, Ubidpilike PHD and RING finger
domain (UHRF1), have all been found to be critical DNA methylation maintenance
through binding methylated CG sites (Rajakumaraakt 2011). The SU(var)3-9
homologs, which constitute another family of SRAtpins, are associated with the SET
domain. Several SRA proteins have been shown te H8K9me2 methyltransferase
activity or to participate in the RdDM pathway (Refaal. 2000; Naumann et al. 2005).
Ultimately, all of these DNA-methylation-associatpdoteins function in connecting
DNA methylation to repressive chromatin marks (niggmBNA methylation, H3K9me2
and histone deacetylation). In contrast, SRA pnsthiave not been associated with active

chromatin marks or gene silencing suppression.

144



In the present study, a mutation leading to dea@aeporter expression was
mapped to theSUVHL1 locus, indicating that SUVH1 promotddJC expression. This
contradicts the known roles of SUVH homologs, whiave been found to regulate gene
expression by promoting silencing (Naumann et 805 Rajakumara et al. 2011,
Johnson et al. 2014). Thus, a loss of functevh mutant would be predicted to exhibit
high LUC expression. The lowUC expression inYJ suvhl suggests that SUVH1 has a
different role than its homologs with currently ko functions. Given that none of the
SUVH1 subgroup homologs have been associated wehcsg roles, this raises the
possibility that this particular subgroup is chaeaized by anti-silencing functions. ChlP
analysis of histone modification levels did not ealv any changes in H3K9me2
abundance in theuvhl mutant, providing a second line of evidence thaYB81 function
may be distinct from those of other SUVH proteissaxiated with RADM or H3K9me2.
The decreased levels of H3K4me3 Yd suvhl suggest that SUVH1 may regulate
H3K4me3 abundance either directly as an H3K4dmeAhyhteansferase or by affecting
the functions of other H3K4me3 methyltransferaddse fact that thesuvhl mutation
leads to an amino acid substitution in the SET domwithout affecting SUVH1
transcript levels raises the possibility that SUVHdnctions as an H3K4me3
methyltransferase.

Among the SUVH1-targeted loci, Pol IV-dependeRMNAS were detected at the
promoter regions along with CG, CHG and CHH mettigtaand transposons (Figure
3.6). A model for SUVH1 function is proposed based the present findings. With

transposons inserting into different positionsha genome over the course of evolution,
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Pol IV-generated siRNAs function as guides directidNA methylation at the sites of
insertion to inhibit the harmful effects of the imettransposon. While this is necessary
for genome stability, this silencing mechanism docéhuse a gene to be suppressed if a
transposon inserts into its promoter region. Tontexact this suppression, however,
SUVH1, a protein with a DNA methylation binding dam and a histone methylation
domain, is recruited to these loci to promote gex@ression through promoting
H3K4me3 levels. The proposed regulatory model sehmsofar as the effects of both

repressive and active marks at a given locus amdyja@onsidered.

Materials and Methods

Plant materials

All tissues used in the present study were fromtd-10-day-old seedlings, and all
Arabidopsis strains were in the Columbia ecotype. The repdines LUCH (Won et al.
2012) andyJ are in thadr6-11 mutant background (Peragine et al. 2004d11-5, ago4-

6 and drdl-12 were isolated in thetUCH background (Won et al. 2012) and
subsequently introduced in¥@ andYJ suvhl. nrpel-1 was described previously (Kanno

et al. 2005) and was also introduced ivifcandYJ suvhl.

RT-PCR

Total RNA was extracted from seedlings with Trigolvitrogen, 15596-018) then treated

with DNase | (Roche, 04716728001). cDNA was syn#egkusing oligo-dT primers and
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RevertAid Reverse Transcriptase (Fermentas, EPO4d2)-PCR was performed with
three technical replicates on a Bio-Rad C1000 théroycler equipped with a CFX
detection module using iQ™ SYBRBio-Rad, 170-8880). The primers used in the study

are listed in Table 3.4.

Luciferase live imaging and 5-Aza-2’-deoxycytidingreatment

For luciferase live imaging, 8- to 10-day-old séagh growing on plates with half-
strength Murashige and Skoog (MS) media supplerdentdh 8% agar and 1% sucrose
were sprayed with 1 mM luciferin (Promega) in 0.0I%ton X-100. After a 5 min
incubation in the dark, the plants were placed ainStanford Photonics Onyx
Luminescence Dark Box equipped withRoper Pixis 1024B camera controlled by
WinView32 software then imaged with a 1 min expesurme. For 5-Aza-2'-
deoxycytodine (5-aza-2’-dC) (Sigma, A3656) treatmetants were grown in MS media

with 7 ng/ml 5-aza-2’-dC for 2 weeks.

EMS mutagenesis of the YJ line

A 1 ml volume of seeds (around 10,000 seeds) wasvashed with 0.1% Tween 20 for
15 min then treated with 0.2% EMS for 12 h, follalhgy three washes with 10 ml water
for 1 h with gentle agitation. The MO seedlings sv@tanted in soil to obtain the M1
seeds. Mutants with reducéd)C activity, based o UC live imaging, were isolated in

the M2 generation. The isolated mutants were basked to the parental lin¥J) two

times prior to further analysis.
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Mapping of the suvh1-1 mutation

To identify genes responsible for |dMJC expression, the mutants were crossedlmn
the Ler background to generate the mapping populations. Hh mapping populations
were used to narrow the mapping regions. For thgpmg of YJ suvhl, a 44 kb region
encompassing 11 genes on Chromosome 5 was furdinerwed using a combination of
SSLP and dCAPS markers. Sequencing of AT5G04946ated a G to A mutation

resulting in a Q to E amino acid substitution ia 8ET domain.

Plasmid construction

To generate thBUVH1: SUVH1-3XFLAG transgene, th8JVHL1 coding region including
1.5 kb of the endogenous promoter region and lactia stop codon was amplified from
YJ genomic DNA and cloned into the PJL-Blue entryteecThe genomic fragment was
then introduced into a binary vector containing EGB01 backbone and a C-terminal

3XFLAG tag using Gatew&LR Clonas& Enzyme mix (Invitrogen, Cat 11791-019).

McrBC-PCR

Genomic DNA was extracted using the CTAB methodgéts and Bendich 1985), and
ribonuclease A (Sigma, R4875-100MG) was used teeddighe RNAs. A volume

containing 100 ng DNA was treated with 2 units o€rBIC (New England Biolabs,

M0272S) at37°C for 30 min, and a mix without McrBC was perfad in parallel as the

control. The mixtures were incubated at 65°C fom#f to inactivate the McrBC. qPCR

was performed using iQ™ SYBRBio-Rad, 170-8880) to quantify the remaining DNA,

148



with the ratio between the McrBC mix and the mitxheut McrBC as an indicator of the

methylation levelUBQ5, which lacks DNA methylation, was used as a contro

Bisulfite sequencing library construction

To generate the whole-genome bisulfite sequendBf®rgeq) libraries, genomic DNA
was extracted using the DNeasy Plant Mini Kit (@iag69104) and quantified using a
Qubit fluorometer. One microgram of genomic DNA vgasicated into fragments 100 to
300 bp in length using a Diagenode Bioruptor fourfa@ycles with the following
parameters: intensity = high, on = 30 s, off = 3hd time = 15 min. The sonicated DNA
fragments were purified using the PureLink PCR fiaation Kit (Invitrogen, K3100-01).
End repair was performed at room temperature fan#busing the End-1t™ DNA End-
Repair Kit (Epicenter, ER0720), with the substiatiof the dNTP with a mixture of
dATP, dGTP and dTTP. Following the incubation, thgencourt AMPure XP-PCR
Purification system (Beckman Coulter, A63881) wasedi for purification. 3’-end
adenylation was performed at 37°C for 30 min ust&ATP and Klenow Fragment
(3—5' exo-) (New England Biolabs, M0212), followed kpurification using the
Agencourt AMPure XP-PCR Purification system. Theifped DNA was ligated with
methylated adapters from the TruSeq DNA Sample @atjpn Kit (lllumina, FC-121-
2001) at 16°C overnight using T4 DNA ligase (Newgk&md Biolabs, M0202). The
ligation products were purified with AMPure XP beavice. Less than 400 ng ligated
product was used for bisulfite conversion using tethylCode Kit (Invitrogen,

MECOV-50) according to the manufacturer’s guidedinexcept for the addition of 1)
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carrier RNA (Qiagen, 1068337) to the conversiondpad before column purification.
The final conversion product was amplified using B Turbo (Agilent, 600414) under
the following PCR conditions: 2 min at 95°C; 9 @&lbf 15 s at 98°C, 30 s at 60°C and 4
min at 72°C; and 10 min at 72°C. The PCR producs$ warified using AMPure XP

beads prior to a 101-cycle sequencing run (singth en an lllumina HiSeq 2000.

Data analysis of the BS-seq libraries

The raw reads that passed the lllumina qualityrobsteps were retained, and duplicated
reads were removed prior to mapping. The reads weygped to the TAIR10 genome
using BS Seeker (Chen et al. 2010), and in-housedRPerl scripts were employed to
convert the BS Seeker-aligned reads to every cywo$)MRs (differentially methylated
regions) were calculated according to previouslgcdbeed methodology (Stroud et al.
2013). TheArabidopsis genome was divided into 100 bp windows, and théhyhation
level at each window was calculated separately.méthylation level was defined as the
number of methylated cytosines sequenced dividedhbytotal number of cytosines
sequenced. To avoid the skew caused by few cyt®sind low coverage, only windows
with at least four cytosines covered by at least feads were counted. Windows with an
absolute methylation difference greater than 08)(®.2 (CHG) and 0.1 (CHH) and an
adjusted p-value (FDR) < 0.01 (Fisher's exact testye considered DMRs. DMRs

identified from both replicates J andYJ suvhl were considered SUVH1 DMRs.

Chromatin immunoprecipitation (ChIP)
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The ChIP experiments were performed as previoushcubed (Gendrel et al. 2005)

using H3K4me3 (abcam, ab8580) and H3K9me2 (abchi®20) antibody.

MRNA-seq library construction and data processing
Ten-day-old seedlings frotMJ andYJ suvhl were collected for RNA extraction using
Trizol (Invitrogen, 15596-018), and the extractddRwas treated with DNase | (Roche,
04716728001). Two micrograms of the DNase I-tred®dA and the TruSeq RNA
Sample Preparation Kit v2 (lllumina, FC-122-100%re used for library construction.
The libraries were sequenced on an lllumina HiS#02

The raw reads that passed the lllumina qualityrobisteps were collapsed into a
set of non-redundant reads. These non-redundads rware mapped to the TAIR10
Arabidopsis genome using TopHat v2.0.4 with default settifgsn(et al. 2013). For the
guantification of a given gene or window, reads 88’ ends were within the gene or
window were counted. The fold change was calculastdg the RPKM-normalized read
values, and the p-value was calculated based oRdisson distribution (Marioni et al.

2008).
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Figures

Figure 3. 1 Identification of asuvhl mutant affecting the DNA methylation pathway.

(A) The suvhl mutation led to decreased expression of the lkaste genel{UC) in the

YJ backgroundYJ SUVH1-FLAG indicates therd SUVH1: SUVH1-3XFLAG suvh-1 line.

In YJ SUVH1-FLAG, the phenotype of thé) suvhl mutant was rescued by a transgene
containing a wild-typ&SUVH1 genomic region and a 3XFLAG tag at the C-termimal.e
(Left panel) LUC luminescence of 8-day-ol®J, YJ suvhl and YJ SUVH1-FLAG
seedlings grown on MS media. (Right panel) gRT-PfeRealed decreasedUC
transcript levels in theuvhl mutant in theYJ background. Three biological replicates
were performed. (B) A diagram of the SUVH1 protemd the substitution caused by the
suvhl-1 (suvhl) mutation. The SUVH1 protein contains an SRA doma Pre-SET
domain and a SET domain. The G to E substitutiarsed bysuvhl occurs in the SET
domain. (C) Thesuvhl mutation led to decreasedUC expression in theLUCH
background. (Left panellUC luminescence of 8-day-oldUCH and LUCH suvhl
seedlings grown on MS media. (Right panel) qRT-P&kdwed decreasedUC
expression in theuvhl mutant in theLUCH background. Three biological replicates
were performed. (D-E) The decreaddadC expression phenotype associated \gitvhl
was suppressed by 5-Aza-2’-deoxycidine treatmerttath theYJ (D) andLUCH (E)
backgrounds. (Left panel&)JC luminescence of seedlings grown on MS media with 7
ug/ml 5-Aza-2’-deoxycidine for 14 days foiJ andYJ suvhl (D) andLUCH andLUCH

suvhl (E). (Right panels) gRT-PCR showed rescuetf transcript levels in the treated
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YJ suvhl (D) andLUCH suvhl (E) seedlings. Three biological replicates werdquared.

All of the luciferase images were captured usir@GD camera.
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Figure 3. 2 Thesuvhl mutation does not affect DNA methylation.

(A-B) McrBC-PCR analysis of DNA methylation leveds the double5S promoter and
the LUC coding region inYJ (A) and LUCH (B). gPCR was performed using genomic
DNA treated with or without McrBC. The relative ks of amplified transcripts for
UBQ5, LUC and 35S in samples treated with McrBC compared to unteea@mples.
Three biological replicates were performed. (C) Tewels of CG, CHG and CHH DNA
methylation level at the doub®&5S promoter and_UC in YJ andYJ suvhl determined
through whole-genome bisulfite sequencing. Theltedtom two biological replicates
are shown. (D) The whole-genome CG, CHG and CHH Di&hylation level data for

YJ andYJ suvhl obtained through whole-genome bisulfite sequencing.
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Figure 3. 3 ChIP analysis of histone methylation ashacetylation marks insuvhl.

(A-B) ChIP-gPCR was performed to measure H3K9meRa#d H3K4me3 (B) levels in
YJ and YJ suvhl. No changes in H3K9me2 levels were observed. Redti34me3
levels were observed iMJ suvhl at theLUC coding region but not at the doul88S
promoter. (C) ChIP-PCR revealed no changes in H3KOAH3K14Ac levels irsuvhl.
For (A-C), UBQ5, whose expression level was not changeduwvhl, was used as a

control, and three biological replicates were penked for all analyses.
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Figure 3. 4 Thesuvhl mutation leads to the reduced expression of endagaus loci
with corresponding reductions in H3K4me?2 levels.

(A) The expression of four SUVH1-targeted endogenimgi was confirmed by qPCR,
and the decreased expression observedlisuvhl was rescued iYJ SUVH1-FLAG
transgenic lines for all four loci. Three biolodigaplicates were performed. (B) The
DNA methylation level of the 1 kb promoter of locds determined from the two
biological replicates of th&J andYJ suvhl methylome data. In all four libraries, CG,
CHG and CHH methylation was detected, and theree wer consistent differences
betweenYJ and YJ suvhl. (C) H3K4m3 and H3K9me2 methylation levels at fhar
endogenous loci and their promoter regiod8Q5, whose expression level was not
changed irsuvhl, was used as a control. Locus 1P, 2P, 3P andféPteethe promoter

regions of the corresponding loci. Three biologregillicates were performed.
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Figure 3. 5 The expression of SUVH1-targeted loanithe nrpel and rosl mutant
backgrounds.

gPCR was used to detect the transcript levels effdnr SUVH1-targeted endogenous
loci in the nrpel mutant background (A) and thhesl mutant background (B). Three

biological replicates were performed for all anakys
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Figure 3. 6 The epigenetic modifications at a SUVHiargeted locus.

The genome browser view of SUVH1-targeted Locu3te top row (row 1) is a gene

model with TAIR 10 annotations, where AT1G5204Gigene, and AT1TE64100 and
AT1TE64110 are transposons. Rows 2 and 3 in grepresent the reads from the
MRNA-seq libraries (no strand information). Rowartl 5 in blue show the reads from
the small RNA-seq (sRNA-seq) libraries, and readnalance is shown for both the
Watson (top) and Crick (bottom) strands. Rows 6 anmdws 8 and 9 and rows 10 and 11
represent the CG, CHG and CHH methylation levelsvdd from the BS-seq libraries,

respectively.
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Figure 3S. 1SUVH1 transcript levels in various mutants.

gRT-PCR was performed iJ plants with one or two of the following mutatiorssvhl,

ago4, drdl anddrd3. Three biological replicates were performed.
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Figure 3S. 2 Correlation plots of CH, CHG and CHH INA methylation in YJ and
YJ suvhl.

Two biological replicates of whole-genome bisulfgequencing were performed. Each
spot represents the data for a 100 bp window, anddch window, the methylation level

was calculated as the total methylated cytosingdelil by the total sequenced cytosines.
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Figure 3S. 3 The validation of SUVH1-targeted loan LUCH background.

The decreased transcript levels of the four SUVattidted endogenous loci observed in
YJ suvhl compared toYJ were confirmed by gPCR ihUCH background. Three

biological replicates were performed.
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Figure 3S. 4 The DNA methylation level at the promier of SUVH1-targeted loci.
The DNA methylation level of the 1 kb promoter @mw of SUVH1-targeted loci in the

two biological replicates of théJ andYJ suvhl methylome data. (A) Locus 2. (B) Locus
3. (C) Locus 4. In all four libraries, CG, CHG a@dHH methylation was present, and

there were no consistent changes betwé&lesndYJ suvhl.

167



Percentage of DNA methylation

Percentage of DNA methylation

Percentage of DNA methylation

[y
N A OO 0 O
o O O O o o

[y
N A OO 0 O
o O O O o o

[y
N A OO 0 O
o O O o o o

[l CG methylation
B CHG methylation
[l CHH methylation

L b

Lk

repl rep2

YJ suvhl YJ suvhl
repl rep2

repl rep2

YJ suvhl YJ suvhl
repl rep2

YJ YJ
repl rep2

YJ suvhl YJ suvhl
repl rep2

168



Figure 3S. 5 Correlations plots of DNA methylatiorlevel and gene expression iWJ
and YJ suvhl.

The x-axis represents the level of DNA methylatiang the y-axis represents the natural
logarithm of the RPKM (reads per kilobase per mil)i value for genes from the mRNA-
seq libraries. DNA methylation level was calculasgd. kb of the gene promoter region.
(A-B) Correlation plot of CG methylation level witheene expression ivJ (A) andYJ
suvhl (B). (C-D) Correlation plot of CHG methylation ldwsith gene expression iWJ

(C) and YJ suvhl (D). (E-F) Correlation plot of CHH methylation ldvevith gene

expression iryJ (E) andYJ suvhl (F).
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Tables

Table 3. 1 Summary of bisulfite conversion efficiecy for each bisulfite sequencing
library.

CG CHG CHH Total C
YJrepl 97.9% 97.8% 97.7% 97.7%
YJ rep2 97.7% 97.7% 97.5% 97.6%
YJ suvhlrepl 98.4% 98.3% 98.2% 98.2%
YJ suvhl rep2 97.9% 97.9% 97.7% 97.8%
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Table 3. 2 Read coverage of the whole-genome bistdfsequencing libraries.

k

CG # of sequenceéllC | # of total sequenced C 5567714 *
Coveragé
YJrepl 14910568 47465516 8.525
YJrep2 14812260 48766749 8.759
YJ suvhl repl 9089283 32953841 5.919
YJ suvhl rep2 12926127 42052472 7.553
CHG # of sequenceéllC | # of total sequenced C 6093657 **
Coveragé
YJrepl 5780812 49895644 8.188
YJ rep2 5634536 51889154 8.515
YJ suvhlrepl 3249672 35506043 5.827
YJ suvhl rep2 4945165 44518366 7.306
CHH # of sequenceiC | # of total sequenced C 31198380 **
Coveragé
YJrepl 9434110 269824938 8.649
YJrep2 8857244 276503635 8.863
YJ suvhl repl 4866332 186035580 5.963
YJ suvhl rep2 8048085 238759260 7.653
Total # of sequencellC | # of total sequenced C 42859751 **¥
Coveragé
YJrepl 30125490 367186098 8.567
YJ rep2 29304040 377159538 8.800
YJ suvhlrepl 17205287 254495464 5.938
YJ suvhl rep2 25919377 325330098 7.591

*, ** ek and **** indicate the total number of CGCHG, CHH and C sites in the
genome, respectively.
% Coverage was calculated as the total number ofylaéu C divided by the total

number of sequenced C in the genome.
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Table 3. 3 The number of differentially expressedenes and static windows
in YJ suvhl compared toYJ.

p-value | fold change| decreased* increasedt  decredsedincrease
0.05 2 118 50 109 31
0.05 4 48 19 53 12
0.01 2 81 41 74 23
0.01 4 35 15 36 8

* indicates the number of genes with decreasedaeased expression.

*indicates the number of 500 bp static windows wiitereased or increased expression.
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Table 3. 4 Primers used in the present study.

D

Name Sequence Purpose
35SF1 GAGCACGACACACTTGTCTAC qRT-PCR, ChIFPCR
for the double35S

35SR1 ATGATGGCATTTGTAGGAGC promoter
LUCmMF5 CTCCCCTCTCTAAGGAAGTCG qRT-PCR, ChIFPCR
LUCmMR5 CCAGAATGTAGCCATCCATC for LUC
N_UBQ5 GGTGCTAAGAAGAGGAAGAAT qRT-PCR, ChIFPCR
C_UBQ5 CTCCTTCTTTCTGGTAAACGT for theUBQ5 promoter
SUVH1-
NlalVF CCCTTTCAAGTGGAACTACG Genotyping ofuvhl,
SUVH1- ACTATGATTCATGAATCGGGCAAGGTT | NlalV cuts wild-type bands
NlalVR C
SUVHsmal | TCCCCCGGGACTGCTCCAAGATTCACG .

CCATCGATTCCAAATGAGCCACGGCAA gfn\xﬁlcgﬁgzm'c fragment
SUVHclal TAC
SUVH1-RTF | CAAGTGGAACTACGAACCTG
SUVH1-RTR| ATGTGAGAAATGGCAAAGAA GRT-PCR forSUVH1
S1F GGGAAAAGAGAAACAAGAGACC qRT-PCR, ChIP-PCR
S1R GAACACAAGAGCAGTGACGA for Locus 1
S2F AGGTATGGCCTGATCTCAAT qRT-PCR, ChIFPCR
S2R GACAGTGGCAGCAGTATAGG for Locus 2
S3F CTTACCGATCGTGAGACAAG qRT-PCR, ChIFPCR
S3R ACGGTGAACTGAAAACCATA for Locus 3
S4F CTTCGTCCAATTGTTGGTAA qRT-PCR, ChIFPCR
S4R TCGAAGCAGTCTTCAGAGAA for Locus 4
S1PF TTGAGTTACAGTATCTTGTCGGAAAC | ChIPPCR for
S1PR AAAAGAGGATATTATGTTATCGCATGT | the promoter of Locus 1
S2PF GTACACCGCGGAGACAATTC ChIPPCR for
S2PR CAGGACGGGTTTGACAGA the promoter of Locus 2
S3P1F GGTTGTGGTCGCTAGCAAAT ChIPPCR for
S3P1R CATGGTTAAAAATGACAAAATTGA the promoter of Locus 3
S4PF TCGTCCGACGTATTGCATAG ChIPPCR for
S4PR AAGGAGACATTTTGGAGCAA the promoter of Locus 4
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Conclusions

Over the course of evolution, the genomes of highekaryotes increased in size,
containing a greater fraction of transposons cosgpan lower organisms. Transposons
are a double-edged sword: while they may incregeeias diversity, they also have
detrimental effects. DNA methylation has been fotmchave an indispensable role in
controlling transposon expression. How DNA methglatis established and maintained
is particularly well studied id\rabidopsis. However, two important questions remain to
be addressed. The first question concerns the hésie of SIRNAs as the guidance signal
of de novo methylation; the lack of knowledge about the priynaanscripts that function
as siRNA precursors has hampered our understarafinthpe very first step in the
establishment of DNA methylation. The second qoestiaddresses how DNA
methylation, as a silencing mark, is prevented fstochastically silencing genes. My
Ph.D. projects were aimed at resolving these twgomant problems of DNA

methylation.

Project 1. Detection of Pol IV/RDR2-dependent tranipts at the genomic scale in
Arabidopsis reveals features and regulation of SIRNA biogenesi

Although RNA polymerase Pol IV has been proposedgémerate SiRNA
precursor transcripts, Pol IV-dependent transciiage never previously been reported
due to two situations. The first one is that Pold&bendent transcripts are short-lived
and quickly cleaved by DCL proteins once convent¢d dsRNAs by RDR2. The second

one is that siRNA-generating loci are silenced itdwype and de-repressed in Pol IV
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mutants due to decreased DNA methylation. This matkanpossible to detect Pol IV-
dependent transcripts by comparing the transcripsoai wild type andrpdl (nrpdlis a
Pol IV mutant). We therefore attempted the detectf Pol IV-dependent transcripts in
a mutant with greatly compromised DCL function. Pétdependent transcripts were
successfully detected when the transcripts fdm234 (the dcl2 dcl3 dcl4 mutant) were
compared with those fromdcl234 nrpdl. Genome-wide detection of Pol IV-dependent
transcripts was also achieved after the enrichntgnPol IV-dependent transcripts
through elimination of single-stranded RNAs. Aféeessembly and analysis of the Pol IV-
dependent transcripts, the Pol IV-transcribed megidike Pol lI-transcribed regions,
were found to be flanked by A/T-rich sequences etegl in nucleosomes. However, Pol
IV-dependent transcripts were found to differ fr&®al [I-dependent transcripts in terms
of RNA structure, with the former having a 5’ mohogphate, lacking introns, lacking a
polyA tail and corresponding to both strands. Imtcast, Pol Il-dependent transcripts
have a 5" CAP, introns and a polyA tail and derire@m only one strand. The common
genomic features (i.e., regions flanked by A/T-regdguences) raised the possibility that
Pol IV transcription initiation may require Pol Mhile the contrasting features of the
RNAs generated by Pol IV and Pol Il may reflect théerent functions of these
transcripts. Utilizing the available genome-wide ANnethylation and small RNA

datasets, the regulation of sSiRNAs by CHH DNA mé&thign was also discussed.
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Project 2. SUVHL1, a histone methyltransferase, isequired for the expression of
genes targeted by DNA methylation

Compared to the well-studied DNA methylation deposiprocess, much less is
known about how DNA methylation is under controlpi@vent the stochastic silencing
of genes. To identify new factors with negativeesoin gene silencing, a forward genetic
screen was carried out using a reporter line withJ& gene driven by a doubl&S
promoter. One mutant with decreadedC expression was found to disruptVH1,
which encodes a SET domain protein. Treatment witBNA inhibitor abolished the
decreased_UC expression phenotype of theeivhl mutant, indicating that SUVH1
function requires DNA methylation. The unaltered ARethylation at thd.UC locus
and throughout the genome suggested that SUVHL1tifursc downstream of DNA
methylation. Although SUVHL1 is a homolog of the HBKe2 methyltransferase SUVH4,
H3K9me2 levels were not affected savhl. However, a decrease in H3K4me3 was
observed irsuvhl, which was consistent with the observed decreat&C expression;
the finding also raises the possibility that SUVHadnctions as an H3K4me3
methyltransferase. The presence of transposonDaiAl methylation in the promoter
regions of SUVH1-targeted loci indicates that SUMdidgeted loci are subject to
silencing by DNA methylation. Possibly to ensurengexpression while maintaining
transposon silencing, SUVH1 may bind methylatednmirs and methylate genic H3K4
without altering the silencing marks (DNA methytatiand H3K9me2) at the promoter.
This functional analysis of SUVH1 reveals one pogsimechanism by which the

silencing effects of DNA methylation are circumvesht which may be necessary
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throughout the course of evolution to counteraetdbetrimental and complex effects of

random transposon movement.
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Appendix A. Construction of mMRNA-seq libraries

Advancements in next-generation sequencing techgolave allowed genome-wide
sequencing to be more widely applied in numerousasarof biological research.
Transcriptome assembly and the identification dfedentially expressed genes are two
common applications of next-generation sequencimg iavolve the profiling of the
transcriptome a genomic scale. For these analysB&A-seq libraries containing the
expressed RNA information need to be constructedind my Ph.D. studies, in addition
to the libraries | constructed for my own projedtgenerated 78 mRNA-seq libraries for
our collaborators. These libraries are summaripe@iable A.1, and the sequencing data

can be downloaded from http://illumina.ucr.edu/ht.
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Table A. 1 List of mRNA-seq libraries | constructed

Species Ecotype Genotype ProjecElow | Lane | Index Comments
ID -cell sequence
Tomato Green AJl 518 173 6 ATCACG
Tomato Green AJ2 518 173 6 TTAGGC
Tomato Green C1 518 173 6 ACTTGA
Tomato Green C2 518 173 6 GATCAG
Tomato Green MS1 518 173 6 TAGCTT
Tomato Green MS2 518 173 6 GGCTAC
Tomato Green TV1 518 173 6 GTGGCC
Tomato Green TV2 518 173 6 GTTTCG
Tomato Green Gl 518 173 7 ATCACG
Tomato Green G2 518 173 7 TTAGGC
Tomato Green G3 518 173 7 ACTTGA
Tomato Green G4 518 173 7 GATCAG
Tomato Green G5 518 173 7 TAGCTT
Tomato Green G6 518 173 7 GGCTAC
Tomato Green G7 518 173 7 GTGGCC
Tomato Green G8 518 173 7 GTTTCG
Zingiberales| Canna | Samplel | 513 173 5 ATCACG
Zingiberales| Canna | Samplel 513 173 5 TTAGGC
Zingiberales| Canna | Sample2 | 513 173 5 ACTTGA
Zingiberales| Canna | Sample2 | 513 173 5 GATCAG
Zingiberales| Canna | Sample3 | 513 173 5 TAGCTT
Zingiberales| Canna | Sample3 | 513 173 5 GGCTAC
Zingiberales| Canna | Sample4 | 513 173 5 GTGGCC
Zingiberales| Canna | Sample4 | 513 173 5 GTTTCG
Zingiberales| Musa Samplel | 431 155 2 ATCACG

185




Zingiberales| Musa Samplel | 431 155 2 TTAGGC
Zingiberales| Musa Sample2 | 431 155 2 ACTTGA
Zingiberales| Musa Sample2 | 431 155 2 GATCAG
Zingiberales| Musa Sample3 | 431 155 2 TAGCTT
Zingiberales| Musa Sample3 | 431 155 2 GGCTAC
Zingiberales| Costus | Samplel | 431 155 2 CGATGT
Zingiberales| Costus | Samplel | 431 155 2 TGACCA
Zingiberales| Costus | Sample2 | 431 155 2 ACAGTG
Zingiberales| Costus | Sample2 | 431 155 2 GCCAAT
Zingiberales| Costus | Sample3 | 431 155 2 CAGATC
Zingiberales| Costus | Sample3 | 431 155 2 CTTGTA
Zingiberales| Costus | Sample4 | 431 155 2 AGTCAA
Zingiberales| Costus | Sample4 | 431 155 2 AGTTCC
Arabidopsis | ler WT (wild- | 445 148 7 TGACCA
type)
Arabidopsis | ler WT 445 148 7 ACAGTG
Arabidopsis | ler topla 445 148 7 GCCAAT
Arabidopsis | ler topla 445 148 7 CTTGTA
Arabidopsis | Col WT 445 148 3 CGATGT
Arabidopsis | Col nrpd1-3 445 148 3 TGACCA
Arabidopsis | Col nrpel-1 445 148 3 ACAGTG
Arabidopsis | Col tho5 445 148 3 GCCAAT
Arabidopsis | Col topla 445 148 3 CAGATC
Arabidopsis | Col nua-3 445 148 3 CTTGTA
Arabidopsis | ler WT 445 148 5 CGATGT
Arabidopsis | ler topla 445 148 5 TGACCA
Arabidopsis | Col 963DMS | 445 148 5 ACAGTG | Chemical
O treatment
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Arabidopsis | Col 963CPT 445 148 GCCAAT | Chemical
treatment
Arabidopsis | Col 963KU 445 148 CAGATC | Chemical
treatment
Arabidopsis | Col 963 445 148 5 CTTGTA | Chemical
CPTKU treatment
Arabidopsis | Col YJ LIN 445 148 6 CGATGT
Arabidopsis | Col RHYJ 445 148 6 TGACCA | Over-
expression
Arabidopsis | Col RH2J 445 148 6 ACAGTG | Over-
expression
Arabidopsis | Col SBXJ 445 148 6 GCCAAT | Over-
expression
Arabidopsis | Col SBYJ 445 148 6 CAGATC | Over-
expression
Arabidopsis | Col pwr-2 445 148 6 CTTGTA | Over-
expression
Arabidopsis | Col YJ 434 145 7 CGATGT
Arabidopsis | Col hprlYJ 434 145 7 TGACCA
Arabidopsis | Col suvhlYJ | 434 145 7 ACAGTG
Arabidopsis | Col nua YJ 434 145 7 GCCAAT
Arabidopsis | Col hsp20YJ | 434 145 7 CAGATC
Arabidopsis | Col pwr-1 434 145 7 CTTGTA
Arabidopsis | Col 972 434 145 CTTGTA
Arabidopsis | Col tex1 972 434 145 8 ACAGTG
Arabidopsis | Col 10-34L 434 145 GCCAAl AT3G044
Arabidopsis | Col taf6 972 434 145 8 CAGATG
Arabidopsis | Col moml 972 | 434 145 8 AGTCAA
Arabidopsis | Col hsp20 972 | 434 145 8 GTCCGC

187



Arabidopsis | Col 972 434 145 1 CTTGTA

Arabidopsis | Col ago4 972 | 434 147 1 CGATGT

Arabidopsis | Col drd1972 | 434 147 1 TGACCA

Arabidopsis | Col hrpl ago4 | 434 147 1 CAGATC
972

Arabidopsis | Col hprldrdl | 434 147 1 AGTCAA
972

Arabidopsis | Col topla 434 147 1 GTCCGC
ago4 972
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Appendix B. Gene identification through map-basedloning

As introduced in Chapter 3, a forward genetic streeas performed using ethyl
methanesulfonate (EMS) ofd to identify factors participating in anti-silengiprocesses.
For theYJ line, Dr. Yun Ju Kim introduced BUCIFERASE (LUC) reporter gene driven
by a double35S promoter into thedr6-11 background. In thedr6-11 background, sense
transgene-induced post-transcriptional gene sienc(S-PTGS) of transgenes is
suppressed (Peragine et al. 2004a). The existdrioblA methylation and the presence
of siRNAs mapping to the doubB85S promoter region indicated that the transgen®Jin
is regulated by RdDM. Dr. Kim obtained several migaexhibiting reduced.UC
luminescence, and for some of these mutants, | osgutbased cloning techniques to
identify the genes harboring the phenotype-inducmgations. Specifically, | identified
four genes, includin@UVH1, from five mutants with decreasedC activity.

Two mutants with lowLUC activity were found to be in the same compleméornat
group, and through map-based clonirg3G14980 (IDM1) was identified as the
affected gene responsible for the observed pheaotmures B.1, B.2)idml-1 and
idm1-2 were found to harbor G-to-A mutations leading tapstodons in the 7th and 2nd
exons, respectively. The studies of a collaboratdraracterized the histone
acetyltransferase activity of IDM1 at loci lackirtK4me2/H3K4me3 to promote ROS1

function (Li et al. 2012; Qian et al. 2012).

HPR1 (AT5G09860), which encodes a core component of the THO coxplas isolated

from another mutant with decreasedC activity (Figures B.1, B.2). Iimprl, a G-to-A
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nonsense mutation in the 17th exon results in rcaied protein. The THO complex, a
conserved nuclear protein complex, affects thednegis of mMRNP and is recruited to
chromatin to function at the interface between decaiption and nuclear mRNA export
(Rondon et al. 2010). Previous studies have shdwat HPR1 participates in the
biogenesis of endogenous and exogenous siRNA @aetial. 2010). The phenotype of
the mutant indicated that the THO complex may fiamcais a negative factor of RADM.
The function of HPR1 in the DNA methylation pathwayas investigated by Dr.

Yuanyuan Zhao.

AT1G79280 (NUA) was identified from another mutant with IdWJC activity (Figure
B.2). In this mutant, a G-to-A mutation at the seljunction between the 2nd and 3rd
exons (Figure B.1) yields an altered transcript pratein.NUA encodes a nuclear pore
anchor protein localized to the inner surface ef laclear envelope and is a component
in MRNA nuclear export in plants (Xu et al. 200&nfura et al. 2010). The identification
of this gene and the THO complex as potential megdactors of RADM indicates that
nuclear RNA metabolism and RNA export help maintRtDM homeostasis. Studies
analyzing the role oNUA in DNA methylation-mediated transcriptional genlersing

were performed by Dr. So Youn Won.
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Figure B. 1 Diagrams illustrating the mutations inthe isolated genes.

Exons and introns are represented by rectangle$ireey] respectively. UTRs and 3’ end
regions are designated with unfilled rectangles #mmhgles, respectively, and the
asterisks denote the positions of the mutationsSéhematic diagram of tH®M1 gene
showing the G-to-A mutations imdml-1 (7th exon) andidml-2 (2nd exon). Both
mutations lead to a stop codon in the respectin®xB, Schematic diagram BiPR1
showing the G-to-A mutation in the 17th exon, whiehds to a stop codon. C, Schematic
diagram of theNUA gene showing the G-to-A mutation at the splicefjiom between the

2nd and 3rd exons.
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Figure B. 2 Reduced_UC expression in mutant determined by reatlime PCR.

Similar results were obtained three biological replicate
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Appendix C. Gene identification based on whole-gemee sequencing

Forward genetics mutagenesis screens are widety insthe field of molecular biology
and involve the identification of mutants exhibgira phenotype of interest and the
subsequent identification of the genes harborimgrétlevant mutations. Ultimately, this
method of gene identification is aimed at improvihg understanding of the mechanism
underlying the biological process of interest. Ptmthe development of next-generation
sequencing, the identification of phenotype-indgainutations was largely accomplished
through map-based cloning (Jander et al. 2002). dé¥ew the decreasing cost of deep-
sequencing technology has permitted sequencingitigesee identification, as reported in
a number of studies (Zuryn et al. 2010; Schneebenge Weigel 2011; Zhu et al. 2012).
In addition to significantly reducing the labor t@ssociated with traditional map-based
cloning, next-generation sequencing may also bdiegpin circumstances where the
traditional method does not work. Challenges assediwith map-based cloning include
the production of the mapping population, whichuiegs a second ecotype that does not
compromise the phenotype of the isolated mutardome cases, these conditions cannot
be met. A second challenge arises when the distagteeeen a parental insertion and the
mutation is too small to be resolvable by map-badeding. In my Ph.D. studies, |
employed sequencing-based gene identification owerak occasions and helped

streamline the methodology for our lab and collakbans.
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Identification of phenotype-inducing mutations in a genetic screen for DNA
methylation factors

In our lab, both EMS and T-DNA mutagenesis scragisg the reporter line¥J and
LUCH (Won et al. 2012) were initiated with the goal afemtifying novel factors
involved in DNA methylation. Many mutants exhibgineither high or lowLUC
luminescence were subsequently isolated (as intextiin Chapter 3 and Appendix B).
In several cases, the affected genes proved diffiouidentify by map-based cloning
despite intensive labor input, and genome sequgrand profiling were subsequently

attempted.

The mutation in one of the mutants with I&WC activity (10-34L) isolated from the
EMS-treated_.UCH screen had already been mapped to a region betiddemd 2M on

Chromosome 3. A DNA-seq library was constructeagishe DNA from a single mutant
individual and submitted for sequencing on an lllenHiSeq 2000. After analyzing the
SNPs in the aforementioned region, a C-to-T noresemstation was found in the 29th
exon of AT3G04490 (Figure C.1A). Downstream genotyping was perforrteedonfirm

that the mutation was responsible for the ldMC expression phenotype. Little is known
about AT3G0449@unction, but it is homologous to XPO4 in highekaryotes, which

functions as a mediator of a novel nuclear expartgin (Lipowsky et al. 2000; Bollman
et al. 2003). The phenotype of the mutant suggestsAT3G04490 may function as a

negative factor of RADM.
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Another mutant, named 9-60H, was isolated fromT#igNA mutagenesis dfUCH and
exhibited increasetlUC expression. Linkage analysis showed that the asee@lUC
expression phenotype was not associated with tb&A-insertion; thus, the phenotype
was attributable to a mutation accompanied by #i2NR insertion. The result of map-
based cloning identified a linked position on Chosmme 3, but the insertion of theJC
transgene in the same area made it impossiblattzefunarrow the region. To isolate the
gene, DNA was extracted from the F2 mapping pomraand used to construct the
DNA-seq library. After SNP analysis, the mutatioasainked to a region centered at 8M
on Chromosome 3. After checking all mutation tygiesertions, deletions and point
mutations), a C deletion was detected in the 4tnexf AT3G27380 (NRPD2), which
encodes the second largest subunit of Pol IV/P@Nodera et al. 2005). Pol IV and Pol
V are key factors in the RdDM pathway: Pol IV ispensible for the biogenesis of
SsiRNA (Zhang et al. 2007; Mosher et al. 2008), @bl V is responsible for generating
scaffold transcripts that recruit the AGO4-siRNAngadex (Wierzbicki et al. 2008;
Wierzbicki et al. 2009). The isolation of a Pol Rél V mutant further confirmed that

LUCH is under RdDM regulation.

The YY1170 mutant isolated from the T-DNA mutagesex YJ exhibited lowLUC
expression. Linkage analysis revealed that theedsed_UC expression phenotype was
associated with, and thus caused by, the T-DNArtimse A DNA-seq library was
constructed, and mosaic reads containing partRNE sequences and partial sequences

of AT3G06290 from the Arabidopsis genome were found, indicating that disrupted
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AT3G06290 function caused the decreasedC expression. AT3G06290 encodes a
homolog of SACS3, a core component of the conseMREX-2 complex (Tamura et al.

2010). The functional studies AfSAC3 were performed by Dr. Yuanyuan Zhao.

Identification of phenotype-inducing mutations from a genetic screen for factors
involved in flower development

AGAMOUS (AG) is an important transcription factaordrolling the termination of the
floral stem cells. Inag null mutants, both floral stem cell terminationdaftoral organ
identity specification are disrupted (Bowman et H89). In contrast, a weak allele
known asag-10 exhibits normal floral organ identity specificatiand only mild defects
in floral stem cell termination (Ji et al. 2011uLet al. 2011b). Taking advantage of the
weakag-10 phenotype for the identification of genes potdiytimvolved in the temporal
regulation of floral stem cells, a forward genetiE®IS mutagenesis screen was
performed inag-10. Four mutants with enhanced-10 phenotypes are discussed below.
In a previous round of screening, anothgiallele, which contained a second SNP in the
AG coding region, was identified and namagi1l. EMS mutagenesis was also carried
out onag-11, and a mutant with a suppressed11 phenotype was isolated. To identify
the genes affected in this mutant and the foureafi@ntioned mutants from tfag-10
screen, whole-genome sequencing was performed usieg F2 populations of
backcrossed plants and thg 10 andag-11 parental lines. None of the five mutants were
found to be in the same complementation groupcattig that the relevant SNPs occur

in distinct genes. Following SNP identification #ach library, the candidate SNPs were

197



further characterized by mutation type and the lteguamino acid changes. Several
candidate genes were identified for each of theanmtat(summarized in Tables C.1-C.5),
but further experiments are required to confirm akkhgenes are responsible for the
enhanced or suppressed phenotypes. These analllsaslude complementation testing,

phenotypic assessments of different alleles andtgpimg of the segregating populations.

Identification of factors participating in the antiviral defense pathway

To identify novel factors involved in antiviral aefse, Dr. Shou-wei Ding’s group
screened a population of homozygous T-DNA insettiioes of Arabidopsis for mutants
exhibiting altered resistance to viral infectiorméng the lines identified from the screen,
some had phenotypes linked to the T-DNA insertwinije others did not. Lines 049 and
149 were found to be in the same complementationpggrand the phenotype of interest
was not linked to the T-DNA insertion. To identifiye phenotype-inducing mutations,
whole-genome DNA sequencing libraries were congtdiaising two groups of F2
backcrossed populations for both lines, and theigneith altered resistance (mutant)
was compared to the corresponding control grouph wib change in resistance.
Bioinformatics analysis revealed a large chromosaeletion in both line 049 and line
149 but not in the control (Figure C.2). Becauseséhlarge chromosome deletions
resulted in the absence of many genes, furtherrempets are required to identify the

genes of interest.
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Figure C. 1 Diagrams showing the mutations in the@nes isolated from the¥J and
LUCH screens

Exons and introns are represented by rectangle$iraas] respectively. UTRs and 3’ end
regions are designated by unfilled rectangles amahgles, respectively, and asterisks
denote the positions of the mutations. A, Schenmdiagram ofAtXPO4 (AT3G04490)
showing the nonsense G-to-A mutation in the 29tbnein 10-34L. B, Schematic
diagram ofNRPD2 showing thenrpd2 mutation. The C deletion in the 4th exon is a
frameshift mutation. C, Schematic diagramAt§AC3B (AT3G06290) showing the T-

DNA insertion in the 1% exon in theatsac3b mutant
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Figure C. 2 A genome browser view of the aligned reacshowing the big deletion ir
the two mutants.

The aligned readfom the two mutant libraries (lines 049 and lare absent ethe
shown region, whilealigned readsare present inthe respective wil-type control

libraries.

049 Mutant |-+
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Table C. 1 Candidate genes fom7 (an ag-10 enhancer).

Chromo| Position SNPs Aming Gene D Gene name and annotatio
-some acid
change

4 2489095 C-T A-V AT4G04970 GSL1

4 4996162 G-A H-N AT4G08180 ORP1C

4 8904603 G-A G-R AT4G1628( FCA

4 10846397 G-A R-K AT4G20910 HEN1

4 13950547 G-A G-S AT4G20010 Plastid transcriptionally
active 9
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Table C. 2 Candidate genes fom317 (an ag-10 enhancer).

Asterisks denote a stop codon.

Chromo| Position | SNPS Aming Gene ID Gene name and annotatio
-some acid
change
2 5790732 G-A G-R AT2G1412Q A dynamin related protein
2 7070719 C-T P-S AT2G16850 Plasma membrane intrinsi¢
protein 2;8
2 8733631 C-T R-W | A T2G20950 Arabidopsis phospholipase
like protein family
2 8792768 C-T P-S AT2G21150 XAPS5 family protein
2 9667606 C-T P-L AT2G2338( CLF
2 9886374 C-T A-V AT2G23900, Pectin lyase-like superfamil
protein
2 10446194 G-A V- AT2G25220 Protein kinase superfamily
protein
2 12102532 C-T S-F AT2G28890 A protein phosphatase 2C
like gene
2 14901073| G-A G-E AT2G36350 Protein kinase superfamily|
protein
2 14982039| G-A G-E AT2G3650( CBS
2 16731708| C-T P-L AT2G40930 Ubiquitin-specific protease
2 17011418| G-A P-L AT2G41630 TFIIB1
2 18182421 G-A D-N AT2G44930 Plant protein of unknown
function (DUF247)
3 19018713| G-A W-* AT3G52250 POWERDRESS
3 19476395| C-T L-F AT3G5351Q0 ABC-2 type transporter
family protein
5 2517384 G-A M-I AT5G07950 Unknown protein
5 6285761 G-A E-K AT5G18980 ARM repeat superfamily

protein
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Table C. 3 Candidate genes fom140 (an ag-10 enhancer).

Chromo Position SNPs| Amino acid Gene ID Gene name and
-some change annotation
4 17219396 G-A E-K AT4G37370 Member of CYP81D
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Table C. 4 Candidate genes fom446 (an ag-10 enhancer).

Asterisks denote a stop codon.

Chromo| Position | SNPS Aming Gene ID Gene name and annotatio
-some acid
change
1 27253628 C-T L-F AT1G7360Q S-adenosyl-L-methionine-
dependent methyltransferas
superfamily protein
3 7216197 C-T H-Y AT3G20720 Unknown protein
3 7350140 C-T P-L AT3G2106Q A structural core componen
of a COMPASS-like H3K4
histone methylation comple
3 7793253 C-T W-* AT3G2170 Monomeric G protein
3 8385051 G-A W-* AT3G23510] Cyclopropane-fatty-acyl-
phospholipid synthase
3 10391234 G-A P-S AT3G28070 Nodulin MtN21-like
transporter family protein
3 10699414 G-A H-Y AT3G28715 TPase, VO/AO complex,
subunit C/D
5 3655256 G-A R-Q AT5G1151( MYB3R-4
5 5358501 G-A D-N AT5G16510 RGP5
5 6482613 G-A E-K AT5G19390 A Rho GTPase activating
protein
5 645202 G-A M-I AT5G02870| Ribosomal protein L4/L1
family
5 1315632 G-A D-N AT5G04640 AGAMOUS-like 99
5 1814236 G-A E-K AT5G06090 Uukative sn-glycerol-3-

phosphate 2-O-
acyltransferase
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Table C. 5 Candidate genes fom40 (an ag-11 suppressor).

e

1%

Chromo| Position | SNPS Aming Gene ID Gene name and annotatio
-some acid
change
1 18440823| G-A G-R AT1G50575 Putative lysine decarboxylag
family protein
1 22255520 C-T R-C AT1G61310 LRR and NB-ARC domainst
containing disease resistan
protein
1 22279929 G-A E-K AT1G6136Q S-locus lectin protein kinasg
family protein
1 23730678 C-T T-l AT1G64960 ARM repeat superfamily
protein
1 24612808| G-A R-K AT1G67040 TON1 RECRUITING
MOTIF 22
1 25787610 G-A D-N AT1G69670 ATCUL3B
1 26097726| G-A V-M AT1G70370 PG2
1 26533215| G-A G-D AT1G71691 GDSL-like
Lipase/Acylhydrolase
superfamily protein
1 27157127 G-A A-T AT1G73350 Unknown
1 28625268| G-A R-K AT1G77300 ASHH2
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Appendix D. Genome-wide profiling of nuclear transcipts dependent on Pol Il and
Pol V

In recent years, widespread intergenic and antséasscripts have been identified in
fungi, animals and plants using tiling arrays amghfthroughput sequencing methods.
While these studies have drastically altered oamwvof the transcriptional landscape of
the genome, the functions of these non-coding RMBRNAS) are only beginning to be
uncovered. The findings for several ncRNAs suggest one of the prominent roles of
long ncRNAs is to act in the nucleus to recruit achatin-modifying factors. For
example, Xist, HOTAIR and COLDAIR have been repdrte recruit the PRC2 complex
to alter the chromatin status of the correspondaoys (Plath et al. 2003; Rinn et al.
2007; Heo and Sung 2011). In addition to the fumctif ncRNAS, their biogenesis and
metabolism also remain unclear.Anabidopsis, both Pol Il and Pol V have been shown
to generate non-coding transcripts from a few siRdé¢Aerating loci (Wierzbicki et al.
2008; Zheng et al. 2009). However, the genomicescélPol II-dependent and Pol V-

dependent non-coding transcripts has not yet bieeinesl.

Because long ncRNAs appear to act predominantthenmnucleus, we extracted nuclear
RNA to enrich functional long ncRNAs. We subseqlyeeimployed high-throughput
sequencing techniques to identify transcripts witlyA tails dependent on Pol Il and Pol
V by profiling and comparing the sequences obtaiinech wild-type,nrpb2-3 (a Pol Il

mutant) andnrpel-1 (a Pol V mutant) nuclear RNA. After analyzing thdRNA-seq
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libraries (Table D. 1), the differentially expredgeanscripts were obtained using DESeq

(Table D.2) (Anders and Huber 2010).
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Table D. 1 The nuclear mRNA-seq library information of Pol Il and Pol V.

Genotype Project ID Index Flowcell Lane
WT 254 ATCACGA 192 2
WT 254 GATCAGA 192 2

nrpb2-3 254 TTAGGCA 192 2
nrpb2-3 254 TAGCTTA 192 2
nrpel-1 254 ACTTGAA 192 2
nrpel-1 254 GGCTACA 192 2
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Table D. 2 The number of differentially expressed aclear transcripts in nrpb2-3
and nrpel-1 compared to WT.

The cut off used here are p-value < 0.05 and fblthge > 2.

Transcripts located at genic Increased 229
regions Decreased 384
Changes imrpb2-3 | Transcripts located at intergenic| Increased 24
compared to WT regions Decreased 17
Transcripts located at intronic Increased 24
regions Decreased 5
Transcripts located at genic Increased 28
regions Decreased 4
Changes imrpel-1 | Transcripts located at intergenic| Increased 54
compared to WT regions Decreased 1
Transcripts located at intronic Increased 74
regions Decreased 3
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Appendix E. Genome-wide profiling of transcripts with different 5’ end structures

RNAs transcribed by different polymerases possé#sreht structures. The transcripts
of Pol Il and Pol V have a 7-methylguanosine caghat5’ initiating nucleotide, those of
Pol | and Pol lll have a triphosphate group and tfamscripts of Pol IV have a
monophosphate group. To profile RNAs with differeituctures at the genomic scale,
RNAs with a caps or triphosphate group were obthared used to construct libraries.

The RNAs with a 5 cap (5 CAP) were obtained tgh the following
procedure. 30 ug DNA-free RNAs extracted with TRIzwere fragmented using
Fragmentation Reagents (Ambion, AM8740). The 160430RNAs were purified from a
denaturing polyacrylamide gel and treated with Tieator Exonuclease (Epicenter,
TER51020) at 30°C for an hour to get rid of RNAghva 5 monophosphate. After
phenol-chloroform purification and ethanol preapin, the RNAs were treated with
CIP (NEB, M0290S) to get rid of RNAs with a 5’ plpbsite group. After another round
of phenol-chloroform purification and ethanol ppetation, the RNAs were treated with
Tobacco Acid Pyrophosphatase (TAP, Epicenter T1P2&D hydrolyze the 7-
methylguanosine cap to a monophosphate group. THAsRpurified with phenol-
chloroform were used to build RNA-seq libraries ngsithe True-seq small RNA
preparation kit (lllumina, RS-200-0012).

The RNAs with a 5’ triphosphate (5° PPP) were oisd following a similar
procedure. 30 ug DNA-free RNAs extracted with TRIzwere fragmented using
Fragmentation Reagents (Ambion, AM8740). The 160430RNAs were purified from a

denaturing polyacrylamide gel and treated with Tieator Exonuclease (Epicenter,
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TER51020) at 30°C for an hour to get rid of RNAghva 5 monophosphate. After
phenol-chloroform purification and ethanol preapin, the RNAs were treated with
RNA 5’ Polyphosphatase (Epicenter, RP8092H) to ednthe 5’-triphosphate to 5°-
monophosphate. The RNAs purified with phenol-chiomm were used to build RNA-

seq libraries using the True-seq small RNA prepamait (Illumina, RS-200-0012).
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Table E. 1 Information of 5’ end RNA-seq libraries.

Genotype Structure Project 1D Index Flowcell Lane
WT 5 CAP 653 GGCTAC 208 5
dcl234 5" CAP 213 CGATGT 213 2
dcl234 nrpdl 5 CAP 213 TGACCA 213 2
dcl234 rdr2 5 CAP 213 ACAGTG 213 2
dcl234 5 PPP 213 GCCAAT 213 2
dcl234 nrpdl 5 PPP 213 CAGATC 213 2
dcl234 rdr2 5 PPP 213 CTTGTA 213 2
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Appendix F. A discussion about DNA methylation indpendent of RDR2

Two companion papers published in Molecular CelOictober 2012 described a new
DNA methylation pathway dependent on SDE3 or NERD anvolving PTGS
components (Garcia et al. 2012; Pontier et al. p0The studies have two major
conclusions. One is that SDE3 and NERD regulate Diddhylation through AGO2 and
RDR1/6, but not thruogh AGO4 and RDR2. The othethet NERD-dependent DNA
methylation is dependent on 21 nt sSiRNAs but noh2g4iRNAs.

For the first conclusion, | agree with the authorsthe fact that the increased
expression at psORF is accompanied by decreasedb@thylation innerd, sde3, ago2
andrdr6. However, | have some questions about the rolSERD or SDE3 on DNA
methylation. First, only two NERD-dependent locsQRF and AT1E93275) and one
SDE3-dependent locus (psORF) shown in the papeibiexine correlation between
increased expression and decreased DNA methylgfiecond, the numbers of NERD-
dependent hypomethylated or hypermethylated loeivery small (Table F. 1) when
comparing to the tens of thousands of loci depeindemther DNA methylation pathway
factors, for example MET1, CMT3, DRM2, CMT2 etajata not shown). Third, for the
DNA methylation loci validated in the papers, mbave significant CHH methylation.
Considering the fact that the CHH methylation looly represent a small portion of the
NERD-dependent hyper/hypo methylated loci (Table,Rwve conclude that the validated
loci in the papers are not representative of NERfutated DNA methylation loci. In

summary, the number of NERD-regulated DNA methglatioci is very small, which
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makes us wonder whether NERD regulates DNA metioylabr the Differentially
Methylated Regions (DMRs) between wild type aed are just a random occurrence.

For the second conclusion that NERD regulates Dhgthylation through 21 nt
SsiRNAs but on 24 nt siRNAs, | agree with the autthat this is a good explanation for
the fact that increased expression and decreased d&thylation are observed mir6
but on inrdr2. However, more experimental data are neededppastthis point. First,
the 21 nt siRNAs need to be shown to decreasediié but not inrdr2. However,
decreased levels of 21 nt sSiRNAs were only deteictede reporter lin€&ucSUL in nerd,
where the DNA methylation status was not provideSlecond, there should be data
showing that 21 nt siRNAs are produced at NERD-agd DNA methylation loci at the
genomic scale, which is absent in the papers.

In summary, the studies show that, at psORF,dke 6f DNA methylation leads
to increased DNA methylation with many PTGS pratemutation, however, more loci
need to be provided to support the general roleBT&ES proteins in TGS. In addition,
more experiment data are needed to provide direderce for the role of 21 nt siRNAs

in the NERD/SDE3-regulated DNA methylation pathway.
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Table F. 1 Overlap between Hyper/Hypo methylated la in nerd with total DNA

methylation loci.

Hypomethylated imerd

Hypermethylated imerd

Total 651 146
CG methylated loci 340 114
CHG methylated loéi 48 27
CHH methylated loéi 51 26

123 The loci were obtained through previous methylafata (Stroud et al. 2013).

1 CG methylated loci are 100-bp windows with methglatlevels higher than 0.4 in

wild-type plants.

2 CHG methylated loci are 100-bp windows with metkigia levels higher than 0.2 in

wild-type plants.

3 CHH methylated loci are 100-bp windows with mettigia levels higher than 0.1 in

wild-type plants.
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