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Abstract

RNA Polymerase V (Pol V) is a plant-specific RNA Polymerase whose transcription is
needed for silencing. In Arabidopsis thaliana, Pol V transcribes long non-coding RNA, which
acts as a scaffold for the recruitment of siRNA and various protein components of RNA-directed
DNA Methylation (RADM)'%. RdDM silences specific regions of the genome, mostly targeting
transposable elements®. Despite the importance of Pol V transcripts for this process, very little is
known about their initiation or degradation. In this study, preliminary tests are conducted which
provide evidence for a new hypothesis whereby Pol V initiates transcription indiscriminately,
therefore transcribing pervasively throughout the genome. Additionally, various potential routes
for the degradation of Pol V transcripts are explored and ruled out, suggesting that the true
mechanism remains unexplored at this time. Taken together, these results provide important
insight into the regulation of RADM locus-specificity, as well as present an increasingly

interesting view of transcription by Pol V.
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Background

Introduction

The central dogma of biology, first stated by Francis Crick in 1957, states that DNA
contains genetic information in its primary structure, and is transcribed into RNA, which is then
translated into protein®. There are many exceptions and caveats to this initial model, the
realizations of which have enhanced our view of the fundamental processes governing life in
countless ways. Some examples include viruses and transposons performing reverse transcription
to multiply within host genomes’, RNA-dependent RNA polymerases generating
double-stranded RNA for RNA interference mechanisms®, and various types of non-coding
RNAs which are never translated into proteins, instead acting as gene regulatory molecules or
even as catalytic ribozymes’.

DNA-dependent RNA polymerases hold an integral role in the central dogma, as the
enzymes that transcribe DNA into RNA. Different organisms have various types of RNA
polymerases, each with their own specific purposes. In eukaryotes, RNA Polymerase I
transcribes the majority of ribosomal RNAs, RNA Polymerase II transcribes the precursors to
mRNA and many small RNAs, and RNA Polymerase III transcribes tRNAs, some ribosomal
RNAs, and some types of small RNAs®. Many instances of transcription by RNA polymerases,
as we may come to expect given the examples outlined above, extend far away from the “norm”
of the central dogma. In fact, only RNA Polymerase II fulfills the role of transcribing RNA
which is meant to be translated into protein, in some sense making the exceptions more of the
rule.

One such exception to the role of transcription outlined in the central dogma is the
presence of two unique RNA polymerases in plants, RNA Polymerases IV (Pol IV) and V (Pol
V). These polymerases evolved specifically to participate in a mechanism of gene and transposon
silencing called RNA-directed DNA Methylation (RADM)’. Interestingly, this process utilizes
transcription in order to cause transcriptional silencing. The RNA transcribed by Pol IV is used
to create small double-stranded RNA fragments, called small interfering RNAs (siRNAs), which

are analogous to small RNAs in other RNA interference processes'’. On the other hand, Pol V
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transcribes long non-coding RNA which, upon base pairing with complementary siRNA, acts as
a scaffold for the binding of various RADM protein components''. This scaffold function is
interesting and relatively unique for RNA, especially given the fact that plants have evolved an
entirely specific RNA polymerase to perform this single function exclusively’.

Many fascinating questions remain unanswered about Pol V, including how and if it is
initiated in a locus-specific manner, how long its transcripts are and how much this length varies,
how exactly the polymerase evolved compared to other RNA polymerases, if and how its
transcripts are processed during or after transcription, and how its transcripts are degraded.
Answering questions such as these goes beyond helping us understand how RdDM functions in
plants; the study of Pol V transcription presents an interesting opportunity to understand the true
variety of the function of RNA and transcription beyond the “norm” presented by the central

dogma.

RNA Polymerase V and its Role in Gene and Transposon Silencing

RNA-directed DNA methylation (RADM) primarily uses RNA Polymerases IV and V to
transcriptionally silence transposons in plants'. Transposons, also known as “jumping genes”, are
mobile genetic elements, meaning they are stretches of DNA which move themselves around
their host genome. There are many different types of transposons, and they have been reported
across the tree of life, from bacteria to animals to plants®. Additionally, transposons and
repetitive DNA make up a large fraction of many genomes and are thought to contribute
significantly to genome size and structure®'?. Transposons evolved due to selective pressures on
their own survival in genomes, similar to viruses. While most transposons have a neutral or only
small negative effect on their host genomes, some insertions can have large, often harmful effects
on gene expression or genome stability'’. In humans, for example, there are more than 120
transposon insertions that result in disease'’. Transposons can have these effects by directly
inserting themselves into genes or gene regulatory sequences'’, or even by causing major
chromosomal rearrangements or breakages'.

In order to combat these types of deleterious effects, many organisms have evolved

mechanisms to block transposon movement; these mechanisms generally involve transcriptional
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or post-transcriptional silencing of transposon expression'’. Post-transcriptional silencing of
transposons often involves splicing of transposon RNA by Argonaute proteins; for example,
transposable element RNA is cleaved into piRNAs by PIWI or AUB in Drosophila, MILI and
MIWI2 in mice, and PRG-1 in yeast”. Transcriptional silencing, on the other hand, prevents
transcription of transposon DNA through the addition of heterochromatic marks to DNA or
histones. Interestingly, the same mechanisms employed to transcriptionally silence transposons
can also silence nearby genes, since both transposons and normal gene expression relies on
transcription by RNA Polymerase II°. As a result, another potentially negative effect of
transposon insertion can be the transcriptional silencing of genes near the insertion site®>. Some
examples of transcriptional gene silencing mechanisms which block transposon movement are
the piRNA-PIWI system in Drosophila, which generates heterochromatin through H3K9
trimethylation'®, and the piRNA-MIWI2 system in mammals, which deposits de novo DNA
methylation'’. Additionally, RNA-directed DNA Methylation (RADM) is responsible for the
transcriptional silencing of transposons in plants.

RdDM transcriptionally silences transposons by depositing de novo methylation on DNA.
Unlike similar mechanisms in other species, RADM works via two plant-specific RNA
polymerases, Pol IV and Pol V. Pol IV transcripts are processed into small interfering RNAs
(siRNAs) that interact with ARGONAUTE 4 (AGO4)'®. The siRNA-AGO4 complex goes on to
interact with Pol V long non-coding RNA, which plays the role of a scaffold for protein binding
at loci designated for transcriptional silencing. The interaction between the siRNA-AGO4
complex and a Pol V transcript results in the recruitment of various other proteins, most notably
DRM?2, a de novo methyltransferase''*’. DRM2 deposits DNA methylation marks which prevent
transcription by RNA Polymerase 11, thus blocking gene expression and transposon mobility**2'.

Pol V is a particularly important component of RADM because its transcription, at least in
part, is what dictates where on the genome RdDM will occur. When the siRNA-AGO4 complex
associates with Pol V transcripts, the siRNA is thought to base-pair with the Pol V scaffold

transcript®

, suggesting that in order for RADM to occur, both Pol IV and Pol V must transcribe
the same genomic region at around the same time. As a result, understanding the transcription

initiation of these two RNA polymerases is likely paramount to understanding how RdDM
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specifically targets transposons for silencing. Besides initiation, understanding how RNA
involved in RdDM is degraded may also be important for understanding regulation of RADM,
since it is possible that degradation of RNA is what prevents RADM from occurring at regions

where it should not.

Unknowns about RNA Polymerase V: Initiation of Transcription

One important open question about Pol V is how its transcription is initiated.
Understanding this is important to understanding how RdDM only targets specific regions of the
genome. Without locus-specificity, the RdADM machinery could silence important genes that
should remain active, or it could miss regions of the genome that ought to be silenced, such as
transposable elements. Besides better understanding RdDM, understanding the differences
between Pol V and other RNA polymerases may give us important insight into how all of these
polymerases function. In this case, understanding how Pol V transcription causes transcriptional
silencing at specific regions may help us to better understand how specific genes are targeted for
active transcription by other RNA polymerases.

For most DNA-dependent RNA polymerases, specific DNA sequence motifs are what
recruit the polymerase through various transcription factors, and transcription follows this
recruitment®. However, there seems to be no DNA sequence motif which is conserved across
areas where Pol V transcribes'®. An alternative mechanism has been proposed which suggests
that specific patterns of DNA methylation, not DNA sequence, may cause Pol V recruitment and
thus transcription initiation at specific loci. This recruitment is thought to take place through the
so-called DDR complex, made up of DRD1, DMS3, and RDM1°. Pol V transcription has been
shown to depend on DRD1 and DMS3%* and RDMI1 is a DNA-binding protein'’; this suggests
the DDR complex may be involved in Pol V recruitment to DNA at specific loci. Two other
proteins, SUVH2 and SUVHY, have been shown to interact with the DDR complex, as well as
recognizing and binding cytosines which have been methylated by MET1, a maintenance
methyltransferase®. Taken all together, it is possible that the DDR complex, along with SUVH2
and SUVHY, recognize specific DNA methylation patterns and then recruit Pol V to these

genomic regions'. Since RADM itself establishes de novo DNA methylation marks on DNA, this
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hypothesis may suggest the possibility of a positive feedback loop whereby DNA methylation
results in more recruitment of Pol V, which results in more DNA methylation, and so on®.

There are several reasons why this hypothesis is not completely satisfying. For one, it
begs the question about how the positive feedback loop of RADM versus DNA methylation
begins in the first place?®. Additionally, evidence that DNA methylation pattern alone explains
Pol V initiation has been unconvincing because no specific pattern has been shown to be
necessary and sufficient for Pol V transcription”’. In fact, unpublished results from our lab reveal
that Pol V transcription occurs outside of methylated regions, suggesting that Pol V transcription
does not require DNA methylation at all.

These unpublished results are from RNA immunoprecipitation and high throughput
sequencing (RIP-seq) experiments performed with antibodies against NRPE1, the largest subunit
of Pol V. This experiment reveals, with very high sensitivity, the sequences of RNAs pulled
down with Pol V. These RNA sequencing reads can then be mapped to the Arabidopsis genome,
revealing all of the locations where Pol V transcription occurs. Upon mapping of the sequencing
reads to the genome, this experiment revealed many new locations where Pol V transcribes. In
fact, the results suggest that Pol V transcribes in low amounts throughout the majority of the
genome, including at many places where RADM does not occur and where DNA methylation is
sparse or non-existent. From this data, we hypothesize that Pol V may initiate transcription
indiscriminately, thus transcribing pervasively throughout the genome. This hypothesis explains
the lack of a conserved sequence or pattern of DNA methylation to explain Pol V transcription
because transcription would not depend on either of these.

So far, the hypothesis for pervasive Pol V transcription is only based on RIP-seq data.
Without independent validation of these results, they remain speculative. One way to
independently test this hypothesis is through a locus-specific confirmation that Pol V transcripts
are present in low amounts at regions where RADM clearly does not occur. The preliminary

results of an independent locus-specific confirmation are presented here.
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Unknowns about RNA Polymerase V: Transcript Degradation

Another major unknown about Pol V is how its transcripts are degraded. RNA transcripts
must be degraded for cells to recycle ribonucleotides and to prevent unwanted effects from
transcript accumulation®. In the case of mRNA, for example, accumulation of transcripts when
RNA degradation is disrupted may be expected to result in excessive translation, but often we
see the opposite: Accumulated transcripts are turned into small double-stranded RNAs through
RNA interference pathways, thus causing unwanted post-transcriptional silencing of genes®. As
a result, carefully regulated mRNA degradation pathways are extremely important to maintain
the correct amounts of mRNA in cells. Since Pol V transcripts are extensively involved in
transcriptional gene silencing through RdADM, their accumulation may cause RdADM to occur in
excess, which would result in a waste of energy as well as the potential silencing of genes that
should be left active. This potential function of Pol V transcript degradation as a negative
regulator of RADM is particularly interesting.

Many pathways for RNA degradation are specialized and carefully regulated to
specifically degrade RNA depending on the needs of the cell”. Given this and the importance of
Pol V transcripts for RADM, it is likely that Pol V transcript degradation is specific and carefully
regulated as well. In general, there are two major routes for RNA degradation in eukaryotes:
5°-3” degradation is mostly conducted by XRN family exonucleases®, and 3’-5° degradation is
mostly conducted by the exosome®'.

XRN family proteins are 5°-3° exonucleases involved in the degradation and processing
of various types of RNA, including non-coding RNAs such as rRNA and miRNA*’. XRN family
proteins are found broadly in eukaryotes; homologs include the yeast Ratl, Drosophila
PACMAN, and human XRN2*. In Arabidopsis, there are three XRN family proteins: XRN2,
XRN3, and XRN4. XRN2 and XRN3 are both located in the nucleus, whereas XRN4 is found in
the cytoplasm®. All three exonucleases have specialized roles in RNA degradation, although
enhanced phenotypes and substrate accumulation in double and triple mutants suggest they do
have some overlaps in function: XRN2 and XRN3 have been shown to be involved in rRNA
processing and degradation, XRN3 is involved in degradation of non-coding Pol II transcripts,

XRN4 degrades specific mRNAs during the plant stress response, and all three XRNs are
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involved in miRNA pathways by degrading either miRNAs themselves or the products of
miRNA-mediated mRNA cleavage®>. Besides RNA degradation, there is also evidence in yeast
and Arabidopsis that XRN3 is involved in transcriptional termination of Pol II, possibly by
degrading RNA co-transcriptionally and essentially pushing Pol II off of its DNA template®-**,

XRN2 and XRN3 were selected as candidates to test for effects on Pol V transcripts. The
5°-3” directionality in exonuclease activity exhibited by these proteins is especially relevant to
the question of Pol V transcript degradation because it would allow degradation or processing of
Pol V transcripts to occur while they are still associated with Pol V. This degradation could even
potentially occur co-transcriptionally, which would be especially interesting because this would
suggest a very direct regulatory impact on RADM. Since XRN4 is located in the cytoplasm and is
primarily involved in stress-related mRNA degradation, and Pol V transcripts are not thought to
be exported into the cytoplasm, it is less likely to be involved in Pol V transcript degradation.
XRN2 and XRN3 are also good choices for their known widespread roles in non-coding RNA
degradation and processing.

FIERY1 (FRY1) is a key regulator of XRN exonucleases in plants: XRN exonuclease
activity is inhibited by 3’-phosphoadenosine 5’-phosphate (PAP), and FRY1 dephosphorylates
PAP into AMP and Pi, thus promoting XRN exonuclease activity’>*. Taking advantage of this,
the fryl-6 mutant is extensively used in the study of XRN exonucleases, as it mimics a triple
XRN2/XRN3/XRN4 knockdown®’. Another 5°-3° exonuclease which will be discussed next,
DXOl, is also inhibited by PAP and thus positively regulated by FRY 1°°. As a result of its effects
on various exonucleases of interest, FRY 1 was also selected as a good candidate to study for any
effects on Pol V transcript levels.

Another 5°-3 exonuclease in Arabidopsis which is suspected to be involved in the
degradation and processing of RNA is DXO1°". In yeast, the DXO1 homolog Rail has been
shown to be involved in rRNA processing and degradation®®. Additionally, Rail and the human
homolog DXO have been shown to modify incorrectly-capped 5° ends of mRNA transcripts to
target them for degradation by Rail/DXO itself or by other 5°-3” exonucleases”. These
incorrectly capped mRNAs generally have either tri-phosphates or di-phosphates at their 5° ends,

which other exonucleases such as XRN family proteins cannot degrade, and which standard
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decapping proteins cannot remove. DXOI1 and its homologs turn this unusual 5’ end into a
monophosphate, which can then be degraded by standard mechanisms®.

DXOL1 is also a strong candidate for Pol V transcript degradation for various reasons.
Most obviously, it has 5°-3° exonuclease activity, which, as explained previously, is especially
important for this study due to the potential for 5°-3” exonucleases to have a regulatory effect on
RdDM. Additionally, the roles that DXO1 plays in other species such as yeast is promising and
suggests that it may have a role in non-coding RNA degradation in Arabidopsis that is so far
undiscovered. In fact, very little is known so far about the role of DXO1 exonuclease activity in
Arabidopsis®’, and in a sense this is promising since it has not yet been investigated for its effects
on Pol V. Lastly, very little is known about the 5’ ends of Pol V transcripts'®, and DXO1 is
known to remove unusual 5’ ends, such as those of incorrectly capped mRNAs, as described
above. Since it is possible that Pol V transcript 5° ends are also usual, this makes DXO1 a good
candidate as well.

Yet another pathway for RNA degradation across eukaryotic species is the exosome. The
exosome is a multisubunit protein complex involved in RNA processing and degradation through
3’-5> exonuclease activity’’. The exosome is extensively involved in rRNA processing,
regulation of mRNA turnover, “quality control” via degradation of many kinds of aberrant RNA
transcripts, and even degradation of several non-coding RNAs**’, The exosome core is a
nine-subunit protein complex, conserved between archaea and eukarya®'. In archaea, this
complex has exonuclease activity itself, but in yeast and humans this activity is lost, and the
exosome core instead acts as an essential structural scaffold for its associated exonucleases*'. In
yeast, these exosome-associated exonucleases are Rrp6 and Rrp44*'. Interestingly, the plant
exosome core seems to have maintained its exonuclease activity, in contrast with other
eukaryotes*; nevertheless, the plant exosome core also has associated additional exonucleases
analogous to the yeast proteins. In Arabidopsis, the exosome-associated exonucleases are the
Rrp44-like protein RRP44A and the Rrp6-like proteins RRP6L1, 2, and 3**. The Arabidopsis
RRP6L proteins have been shown to have specialized roles in 3° RNA degradation and
processing, each with varying RNA substrates and subcellular locations*. In addition to

associated exonucleases, the helicase cofactor Mtr4 is also required for efficient exosome activity
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and substrate recognition in yeast”. In Arabidopsis, there are two helicase cofactors associated
with the exosome, MTR4 and HEN2. Each cofactor seems to direct the exosome to different
RNA substrates: MTR4 is associated only with rRNA degradation and processing, whereas
HEN2 is associated with degradation of many non-coding RNAs and incorrectly spliced
mRNAs*, making it more promising to check for potential effects on Pol V transcripts than the
former helicase.

The wide variety of RNAs degraded by the exosome and its associated exonucleases
makes this complex a good candidate to check for effects on Pol V transcript levels. In fact,
Zhang et. al. reported in 2014 that RRP6L1 may process Pol V RNA transcripts in order to
increase their stability at RADM loci*’. This group found that RRP6L1 stabilizes Pol V transcript
levels and increases occupancy of Pol V on DNA. However, it is unclear exactly how RRP6L1
may affect Pol V transcripts mechanistically, and the question of how Pol V transcripts are
degraded remains unanswered from these results. RRP6L1 does not degrade Pol V transcripts; it
seems to stabilize them.

Mutants of the core exosome and RRP44A are lethal**, making this degradation
pathway difficult to study as a whole. To get around this problem, individual mutants of
exosome-associated exonucleases such as the RRP6L proteins can be used. Alternatively, RNAi
knockdown lines can also be generated to study the effects of a reduction in core exosome
activity*®®. For this study, null mutants of RRP6L2, RRP6L3, and HEN2 were selected as a first

look at whether the exosome is involved in Pol V transcript degradation.
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Results

Locus-Specific Validation of non-RdDM Pol V Transcription

As discussed previously, unpublished data from our lab suggests that Pol V transcribes in
low amounts throughout the genome, leading us to propose a hypothesis whereby Pol V initiates
transcription indiscriminately and transcribes pervasively. Because this data comes from only
one type of experiment, namely RIP-seq, an independent test of this finding is needed to confirm
or deny the presence of Pol V transcripts at various non-RdDM loci. To provide validation of this
result, I performed reverse transcription and quantitative polymerase chain reaction (RT-qPCR).
Reverse transcription from total RNA makes this assay fully independent from RIP-seq, which
relies on immunoprecipitation of Pol V-associated RNAs and high throughput sequencing.
Extensive experimental optimization resulted in the use of strand-specific RT primers to
maximize the signal to noise ratio of this challenging experiment.

In order to measure Pol V transcript levels in regions where RdADM does not occur, I
selected 23 specific loci using the lab’s RIP-seq data. To ensure these regions had detectable
amounts of Pol V transcription, all selected loci had a higher number of reads in wildtype (Col-0)
than in nrpel, a knockout mutant of the Pol V largest subunit NRPE1 in which no Pol V
transcripts should be present*®*. To ensure RADM was not occuring at these regions, loci were
selected which had a relatively low number of reads in wildtype and no DNA methylation. The
23 selected loci were named PVS1-23 (primer sequences can be found in Table 1).

Of these 23 selected loci, 13 have been tested so far using strand-specific RT-qPCR.
IGNS5A and IGN22, two previously identified loci where RADM is known to occur*?’, were used
as positive controls to ensure amplification of Pol V transcripts is successful with this method
(Figure 1). All values were normalized to an ACTIN2 reference gene and shown relative to
wildtype amplification. Of the 13 tested PVS loci, 9 primers showed greater amplification in
wildtype than in nrpel (Figure 1). This may suggest a successful amplification of Pol V
transcripts at these loci because any Pol V transcription in wildtype is expected to be eliminated
in nrpel. Successful detection of Pol V transcripts at all tested loci is not to be expected because

of the low transcriptional activity of Pol V at non-RdDM regions. Following from this, the loci
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where Pol V transcripts were not identified may have a signal to noise ratio which is too low, and
this is a limitation in sensitivity of the method used for this experiment.

The results from this experiment so far are preliminary because only one replicate was
conducted. Further replicates are necessary to confirm that the amplification detected in wildtype
is statistically significant compared to nrpel, thus confirming that it is in fact due to Pol V
transcripts. However, the results so far do seem to support the hypothesis that Pol V transcribes
in low amounts at identified non-RdDM regions because Pol V transcripts appear to be detected

at many of the selected loci.

Non-RdDM Pol V Transcript Detection

3.5

25 m Col-0
B nrpel
m Col-0 RT-
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Figure 1: Locus-Specific Validation of non-RdDM Pol V' Transcription. Strand-specific
RT-qPCR was conducted in Col-0 and nrpel at selected RADM (IGN5A, IGN22) and non-RdDM (PVS)
loci. Results are normalized against an ACTIN2 (ACT2) reference gene and calculated relative to Col-0
wildtype. RT- negative controls, where the reverse transcriptase enzyme was omitted from the reaction,
are shown for Col-0 and nrpel. A no template control (NTC) was also added as a negative control for
qPCR.

Effects of RNA Degradation Pathway Mutants on Pol V Transcript Levels

Besides transcription initiation, it remains a mystery how Pol V transcripts are degraded
and whether this degradation occurs before, during, or only after RADM. In order to determine
which RNA exonucleases may affect Pol V transcript levels, I performed reverse transcription
and quantitative polymerase chain reaction (RT-qPCR) in various mutant backgrounds of

Arabidopsis (mutant and seed details can be found in Table 2). This experiment reveals whether
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various proteins affect the total levels of Pol V transcripts at selected loci. An increase in
transcript levels in a mutant compared to wildtype may suggest that the exonuclease which is
absent in the mutant normally degrades Pol V transcripts. All of the selected mutants were tested

d2,27,so’ and

at various loci where RdADM is known to occur; the IGN loci were previously identifie
the MD and POLV loci were newly identified for this study (primer sequences can be found in
Table 1). For these experiments, Pol V transcript levels were normalized to a 25S rRNA
reference gene, and calculated relative to wildtype (Col-0) transcript levels. To ensure that the
transcripts amplified by this method are indeed generated by Pol V, nrpel, a knockout mutant of
the Pol V largest subunit, was again used as a negative control.

I first tested two XRN family mutants, xrn2-3 and xrn3-8. While xrn2-3 is a null allele’’,
xrn3-8 is an RNAi knockdown of XRN3 since null alleles of this gene are lethal**>'. Both the
xrn2-3 and xrn3-8 mutants did not affect the levels of Pol V transcripts at most tested loci
(Figure 2A). Slight increases in Pol V transcript levels were detected at the IGN22 locus in
xrn2-3 and the POLV15 locus in xrn3-8 (Figure 1A); however, these isolated minor changes are
unlikely to be biologically relevant. I conclude that XRN2 and XRN3 are not the main
exonucleases responsible for the degradation of Pol V transcripts.

I next tested the mutant dxol-2, which contains a null allele of DXOI*'. The dxol-2
mutant also did not affect Pol V transcript levels at most tested loci; however, slight increases
were detected at IGN29 and POLVS (Figure 2B). These small effects are also unlikely to be
biologically relevant, leaving me to conclude that DXO1 is not the main exonuclease responsible
for Pol V transcript degradation either.

The effects of FRY1 were invested next, through the knockout mutant fiy/-6% Pol V
transcript levels were unchanged at most loci in the fy/-6 mutant, but some small increases were
evident at IGN22 and POLVS (Figure 2B). I conclude that FRY'1 has no biologically significant
effect on Pol V transcript levels. Since the fry/-6 mutant shows decreased activity of XRN
family proteins and DXO1°%%, this result also supports the conclusion that neither XRN2,
XRN3, nor DXO1 is the main exonucleases involved in the degradation of Pol V transcripts.

Lastly, I tested the effects of the exosome-associated proteins RRP6L2, RRP6L3, and
HEN2. The knockout mutants rrp6L2-3, rrp6L3, and hen2-4 were used**>**, Both rrp6L2-3 and


https://www.zotero.org/google-docs/?ynBuQg
https://www.zotero.org/google-docs/?oRSEoB
https://www.zotero.org/google-docs/?qmqTis
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https://www.zotero.org/google-docs/?9UeEDo
https://www.zotero.org/google-docs/?mvXkLM
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rrp6L3 caused a small increase in Pol V transcripts at the loci IGN29 and POLVS, and a decrease
in Pol V transcript levels at POLV2 (Figure 2C). No significant change was detected at other
tested loci (Figure 2C), and the changes that were detected were minor, so it is still unlikely that
these effects are biologically relevant. In the hen2-4 mutant, Pol V transcript levels are
unchanged at most loci, but small increases were detected at IGN22 and IGN29 (Figure 2C). I
conclude that the exosome-associated proteins RRP6L2, RRP6L3, and HEN2 are not mainly

responsible for the degradation of Pol V transcripts.

Figure 2: Effects of RNA Degradation Pathway Mutants on Pol V Transcript Levels. (Shown
on the following page.) RT-qPCR was conducted in various mutants of Arabidopsis at select RADM loci.
Results are normalized against a 25S rRNA reference gene and calculated relative to Col-0. A no template
control (NTC) was added as a negative control for gPCR. Pol V transcript amplification is evident by the
strong reduction in transcript levels in nrpel compared to Col-0 wildtype. A) Pol V transcript levels in
XRN family exonuclease mutants xrn2-3 and xrn3-8 are shown next to Col-0 and nrpel. B) Pol V
transcript levels in DXO1 exonuclease mutant dxo/-2 and FRY 1 mutant fiy/-6 are shown next to Col-0
and nrpel. C) Pol V transcript levels in exosome-associated protein mutants »rp6L2-3, rrp6L3, and
hen2-4 are shown next to Col-0 and nrpel.
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Discussion

Pervasive RNA Polymerase V Transcription and de novo RNA-directed DNA Methylation

The locus-specific validation of Pol V transcription at non-RdDM regions preliminarily
supports the hypothesis that Pol V transcription is pervasive throughout the genome (Figure 1).
This initial experiment was conducted without replicates in order to determine whether the
method used would be sufficient to amplify Pol V transcripts at non-RdDM loci, where copy
numbers are expected to be extremely low. As a result of this lack of replicates, these results are
very preliminary at this time; however, if its results are confirmed upon replication, the
conclusions from this experiment will be very important for our understanding of the initiation of
RdDM at specific regions.

Previously, Pol V recruitment and initiation were thought to play a major role in
determining where RdADM will occur'®; however, if Pol V transcription occurs throughout the
genome, not only at RADM regions, then Pol V transcription itself cannot explain the initiation
of RADM. There must be another factor which causes RADM to initiate at specific sites of Pol V
transcription. One possibility is that siRNA determines where RADM will occur. In this case,
siRNA base pairing with complementary Pol V transcripts could cause the recruitment of other
RdADM components, thus initiating transcriptional silencing in a locus-specific manner. The
siRNAs involved in RdDM are generally produced from Pol IV transcripts'; however, it has
been proposed that Pol II transcripts from active transposons can also be turned into siRNA for
use in the RADM pathway'®*!. It is therefore possible that active transposons are targeted for de
novo transcriptional silencing by RADM through siRNA association with Pol V transcripts.

Since our unpublished data reveals that Pol V transcript levels are significantly higher at
regions where RADM occurs than at regions where it does not, there is also the question of how
transcript levels vary between these regions. One possibility for this is the aforementioned
positive feedback loop between DNA methylation and recruitment of Pol V by SUVH2, SUVHO,
and the DDR complex®?*. In this case, once siRNA base pairing with Pol V transcripts initiates

de novo DNA methylation at a specific region through RADM, then more Pol V is recruited to
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the newly methylated region, resulting in more RdDM, and so on. This feedback loop
hypothesis, while compelling, requires further study if it is to be confirmed and understood.

Besides siRNA alone, another possibility for how RdDM is initiated at some Pol V
transcribed regions but not others could be through regulation of Pol V transcripts by RNA
degradation pathways. These pathways could potentially regulate, in a locus-specific manner, the
amount of Pol V transcript or the turnover time before transcripts are degraded. In this way, Pol
V transcripts may be degraded at regions where RADM should not occur, and left to multiply at
regions where RADM should occur. Regulation of this degradation could occur in either
direction; one possibility is that degradation occurs by default, but it is inhibited at specific
regions where RdADM needs to occur. At this point, the increased amount of Pol V transcripts
could be a determining factor of RADM initiation by making it more likely that siRNA and other
RdDM components will find and bind to Pol V scaffold transcripts. This hypothesis would also
explain why more Pol V transcripts are found at RdADM regions. No direct evidence has been
found in favor of this hypothesis as of now; however, very little is known about Pol V transcript
degradation at this time, and this possibility further supports the importance of research to
determine how Pol V transcripts are degraded and how this degradation may affect RADM.

While its function cannot yet be fully understood, pervasive transcription by Pol V may
serve the role of making unsilenced regions across the genome competent for transcriptional
silencing. The availability of Pol V transcripts at these unsilenced regions may allow the rapid
initiation of RADM if needed, whether by siRNA production and base pairing, inhibition of Pol
V transcript degradation, or another mechanism. This presents a potential novel function of
pervasive transcription, which is often supposed to be little more than “transcriptional noise”
caused by flexible transcription initiation®.

Once the preliminary experiments explained here are validated through subsequent
replicates, several next steps ought to be taken to better understand the pervasive transcription of
Pol V. These could include in vitro studies to confirm sequence and methylation-independent
transcription initiation of Pol V, as well as structural analysis to understand how Pol V initiates
transcription indiscriminately. Additionally, various experiments ought to be conducted to

determine whether siRNA, regulation of transcript degradation, or some other mechanism is


https://www.zotero.org/google-docs/?RxQEVk
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responsible for the initiation of RADM and the increased levels of Pol V transcripts seen at

RdDM regions.

Possible Mechanisms of RNA Polymerase V Transcript Degradation

The results from the RNA degradation mutant analysis indicate that XRN family
proteins, DXO1, and selected exosome-associated proteins are not solely responsible for the
degradation of Pol V transcripts (Figure 2). This result, though negative, is important for
furthering our understanding of Pol V transcript degradation because it rules out several potential
options for the proteins involved in this degradation. While some limited locus-specific effects
were observed in all mutants tested, these effects are not consistent or strong enough to make any
conclusions about their biological significance. Additionally, since this experiment measures
changes in total transcript level, it is impossible to say whether these small effects are due to
RNA degradation specifically or some other regulation of RNA levels, direct or indirect. It is
also important to note that, in order to completely rule out involvement of the tested proteins, a
genome-wide analysis of changes in Pol V transcript levels ought to be conducted because a
locus-specific validation such as the one conducted here may not reveal certain genome-wide
trends; for instance, changes in Pol V transcript levels at non-RdDM regions has not yet been
investigated for these mutants.

Additionally, it is also possible that certain proteins investigated have redundant roles in
Pol V transcript degradation, so that single mutants of these proteins do not reveal their true
involvement. Redundancy is a common theme amongst RNA degradation pathways®. One
example of this occurrence is between XRN2 and XRN3, where a double mutant of these two
exonucleases can reveal phenotypes seen in neither single mutant, presumably because the two
have overlapping functions, so that in a single mutant the remaining exonuclease makes up for
the absence of the other’®. The use of the fiy/-6 mutant does provide some evidence that hidden
redundancy is not a problem in this case for the XRN proteins and DXO1, since it functions as a
partial knockdown of XRN2, XRN3, and DXO1°%3, Still, to rule out this hypothesis completely,

various combinations of mutants would need to be generated and tested.
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Continuing the search for how Pol V transcripts are degraded may be useful for
understanding how RdDM is regulated. Besides identifying the proteins involved in this process,
it will be very important to determine whether degradation occurs before, during, or only after
RdDM, as this will help us to understand the potential role of transcript degradation in
regulation. Additionally, it will become important to determine whether or not transcript
degradation varies between RdADM and non-RdDM loci. As was explained previously, it is
possible that Pol V transcript degradation is what determines where RADM is initiated, and if this
is the case, degradation would vary considerably between regions where RADM does or not
occur. Even if this hypothesis is not correct, another connection between the studies of Pol V
initiation and transcript degradation is simply a practical one: If a mutant is identified in which
Pol V transcript levels are increased at all the regions where Pol V transcribes, then this mutant
would be extremely useful for revealing genome-wide Pol V transcription and for further
studying this phenomenon. In studies of the exosome, for instance, many new non-coding RNAs,
previously hidden by rapid degradation, were revealed after a genome-wide analysis of exosome
mutants was conducted in Arabidopsis®. Alternatively, Pol V transcript degradation may be
important for making sure RADM does not occur in excess by simply limiting the lifespan of Pol
V transcripts, similar to how specific degradation of miRNAs has been suggested to regulate
their activity levels®’.

Besides gaining a better understanding of RdDM, research into Pol V transcript
degradation may also be useful for understanding how the involved RNA degradation pathway is
regulated and specific to certain RNA molecules. This is especially interesting in the case of Pol
V because, if our hypothesis for indiscriminate initiation and pervasive transcription is correct,
then Pol V transcripts do not have specific sequence motifs, so it will be very interesting to see
how they may be specifically recognized by degradation machinery. In some cases, specific
sequences are used to determine the turnover rate of target RNA molecules; for example,
sequence elements of mRNA 3’-UTRs are often recognized by RNA-binding proteins which
stabilize the transcripts or target them for degradation®®. Additionally, as expressed previously,
little is known about Pol V transcript 5° ends or how they are processed", and characteristics of

the ends of RNAs are often used to target them for degradation as well®. An obvious example is
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that decapping enzymes recognize the 5'-methylguanosine caps specific to mRNAs, and the
removal of these caps targets mRNAs for degradation by 5°-3” exonucleases such as XRN family
proteins®. As a result of these unknowns about Pol V transcripts, much remains to be explained
in terms of how Pol V transcripts may be specifically targeted for degradation. As of now, it is
still a large open question in the field how RNA degradation pathways target specific transcripts
in general, especially in the case of non-coding RNAs, which often do not have the same
characteristic ends of mRNAs?. Understanding how this process works in the case of Pol V
transcripts may provide important insight which could be helpful for understanding the
specificity of RNA degradation more generally.

The next step that ought to be taken in the search for the pathway which degrades Pol V
transcripts is to investigate the effects of various other RNA degradation proteins which were left
out of this study so far. Proteins that ought to be investigated next include subunits of the core
exosome and the exosome-associated proteins RRP44A and MTR4. The exosome core subunits
and RRP44A were left out of this study so far because of the lethality of their null alleles***, and
MTR4 was deemed less likely to be involved in non-coding RNA degradation than other
exosome-associated proteins, but the involvement of the exosome cannot be ruled out just yet. In
fact, while the effects of RRP6L2-3 and RRP6L3 reported here were determined to be too
limited to have biological significance, the mutants of these two proteins did affect the same
RdDM loci in a limited manner (Figure 2C), which may be a subtle indication that the exosome
has some effect on Pol V transcript levels. More tests are needed to investigate this idea. To
accomplish this, RNAi knockdown lines of RRP44A and subunits of the exosome core have
been generated in Arabidopsis which could be useful*®*. The use of these knockdown lines
would more definitely rule out involvement of the exosome than solely studying the effects of
exosome-associated proteins, and it is therefore a worthy idea for an immediate next step.

In addition to further study of the exosome and its associated proteins, the effects of
endonucleases on Pol V transcript levels ought to be carefully studied as well. Endonucleases are
often involved in RNA processing™, and how Pol V transcripts may be processed is, like their
degradation, also largely unknown'. Endonucleases are also often needed for RNA

degradation”; for example, Argonaute proteins are endonucleases often involved in small
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RNA-mediated decay of mRNAs®. AGO4, the Argonaute protein primarily involved in RADM'®,
has even been proposed to cut Pol V transcripts, possibly as a part of the RdADM mechanism®'.
Still, it is unknown whether AGO4 slicing, if it does occur, is in any way related to Pol V
transcript degradation, so further studies are warranted.

Finally, an RNA degradation pathway specific to Pol V transcript degradation may exist
which has not yet been well studied. A genetic screen may be helpful in identifying novel

proteins which affect Pol V transcript levels, whether directly or indirectly.

Conclusion

The research on Pol V discussed here may suggest some unexpected functions for
long-known processes. The sequence of Pol V transcripts is obviously important for RADM,
since complementary siRNA base pairs with Pol V transcripts, and this may be what determines
the locus-specificity of the mechanism'®; however, sequence may not be important at all for Pol
V initiation. If it is the case that Pol V initiates transcription indiscriminately, then the sequences
of its transcripts are neither specific nor conserved. In this case, the lack of a conserved sequence
may actually be useful for Pol V by allowing it to transcribe a greater portion of the genome,
surveilling for regions in need of silencing. This surveillance function of Pol V presents a novel
role for an RNA polymerase, and for the long non-coding RNA it produces, which would exist
without any sequence specificity. Additionally, while they concern opposite ends of the lifespan
of Pol V transcripts, transcript initiation and RNA degradation may be connected in various
ways. The degradation of Pol V transcripts may play a regulatory role in RADM, possibly by
determining its locus-specificity or by regulating its intensity more generally. In any case, the
possibility of a connection between transcriptional gene silencing, pervasive transcription of
non-coding RNA, and RNA degradation is fascinating and important. Since mechanisms of
transcriptional gene silencing and RNA degradation pathways are widely conserved between
kingdoms, insights gained from the research conducted on Pol V, including that about pervasive
transcription and the potential regulatory role of RNA degradation on transcriptional gene

silencing, may turn out to be widely applicable outside of plants as well.
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Materials and Methods

Plant Material

Arabidopsis thaliana for these experiments was grown in soil under long day (16h light,
8h dark) conditions. The following mutants were used in this study: nrpel (SALK _029919)*,
xrn2-3 (SALK 114258)°"%, xrn3-8 (RNAi knockdown)***', dxol-2 (SALK_032903)*"%, fi-y1-6
(SALK 020882)*, rrp6L2-3 (SALK 011429)”, rrp6L3 (SALK 122492)**% hen2-4
(SALK 091606C)**. Additional details about mutants and seeds can be found in Table 2.

RNA Isolation
RNA was isolated from 2.5-3 week old Arabidopsis thaliana leaf tissue. Tissue was
frozen in liquid nitrogen and then RNA was extracted using TRI Reagent (Sigma-Aldrich)

according to the manufacturer's protocol.

Random Primer Reverse Transcription (RT)

10ug RNA was treated with Turbo DNase for 30min at 25°C. The following reagents
were included per reaction: 1.5ul Turbo DNase, 10x Turbo DNase Buffer, 0.6uL Ribolock, and
H,O to 15uL. 3uL of 25mM EDTA was added after 30min to stop the reaction, and samples were
kept at 65°C for 10min. Next, samples were split into experimental samples and negative reverse
transcription controls. 0.4ug Random Primers, luL 10mM dNTP mix, and 2.6uL H,0O were
added per reaction. Samples were left at 65°C for another 5min, after which they were moved
immediately to ice.

Reverse transcription was then performed using SuperScript III. Per reaction, the
following reagents were added to the above mixtures: 4ulL 5x First Strand Buffer, 1uL. 0.1M
DTT, 1uL Ribolock, and 1uL Superscript III for experimental samples or 1uL H,O for negative
controls. Samples were kept at 25°C for Smin for annealing, 50°C for 60min for elongation, and
70°C for 15min for denaturation. cDNA was then diluted by 5, and 1uL was used per qPCR

reaction.
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Random primer reverse transcription was performed with three biological replicates per

genotype.

Strand-Specific Reverse Transcription (RT)

4ug RNA was treated with Turbo DNase for 30min at 25°C. The following reagents were
included per reaction: 1.5uL Turbo DNase, 10x Turbo DNase Buffer, 0.6uL Ribolock, and H,0
to 15ul. 3ulL of 25mM EDTA was added after 30min to stop the reaction, and samples were kept
at 65°C for 10min. Next, 0.4uL of 5S0mM strand-specific primer, 2uL. 10mM dNTP mix, and
5.6uL H,0O were added per reaction. Samples were left at 65°C for another 5min, after which
they were moved immediately to ice. At this point, samples were split into experimental and
negative controls for reverse transcription.

Reverse transcription was then performed using SuperScript III. Per reaction, the
following reagents were added to the above mixtures, same as the above conditions: 4ulL 5x First
Strand Buffer, 1uL 0.1M DTT, 1uL Ribolock, and 1uL Superscript III for experimental samples
or 1uL H,O for negative controls. Samples were kept at 55°C for 30min for elongation and then
70°C for 15min for denaturation. cDNA was not diluted, and 6ul was used per qPCR reaction.

Strand-specific reverse transcription was performed so far in one biological replicate.

Quantitative Polymerase Chain Reaction (qPCR)

qPCR was performed using Platinum Taq Polymerase and corresponding buffer from
Thermo-Fisher. Per 25ul reaction, the following reagents were included: 2.5ulL 10x Taq Buffer,
1.2uL 50mM MgCl,, 0.5uL 10mM dNTP mix, 0.25uL 1:400 diluted SYBR Green, 0.2uL 25uM
Primer mix, 0.1uL Platinum Taq Polymerase, cDNA as indicated above, and H,O to 25uL. The
following cycling conditions were used: initial denaturation at 95°C for 4min; then 40 cycles of
denaturation at 95°C for 15sec, annealing at 60°C for 30sec, and elongation at 72°C for 45sec.
Melt curve analysis was then conducted in 0.5°C increments, from 65°C to 95°C. qPCR was

performed with two or three technical replicates per sample.



Tables

Table 1: qPCR Primer Sequences

Locus Strand Primer Sequence
Forward GAGAGATTCAGATGCCCAGAAGTC
ACTIN2
Reverse TGGATTCCAGCAGCTTCCA
Forward |TTTCGCGTATCGGCATGATC
25S rRNA
Reverse AGCCGTTCGTTTGCATGTTC
Forward |TACATGAAGAAAGCCCAAACC
IGNS5SA
Reverse ATTGGGCCGAATAACAGC
1GN2 Forward GCCCCACAAATGGAAGAGGTCT
Reverse TCGTGACCGGAATAATTAAATGG
GN29 Forward CGTTTGTTTATGTAGGGCGAAAG
IGN
Reverse TAAAACTTTTCCCGCCAACCA
MD2 Forward |ATCCGTTTTCGTAATAGCAAGGCCCATCCC
Reverse GATCAGGTTGGATCGGGTCGGATAAAGTAG
MDA Forward |AGGAGCGGTGGACCTGAATCTTTGAGAATG
Reverse TTTGAAACAATCGAGGTGCATATGTAGATCTCC
Forward GCCTCATGCCCAAAACACACA
POLV2
Reverse TGAAGTTTGTGGAGACGACACG
o Forward |AGGATACAAGTGTCGAACTCCGTT
POLV5
Reverse TCCAAGCAGTCTTCTCTTCTTCGT
Forward GCCTCATGCCCAAAACACACA
POLV15
Reverse TGAAGTTTGTGGAGACGACACG
PVS] Forward |TGTGTGAAAATTGACGGTATGAAGATG
Reverse CCACAAGATATGATTTTCGCAGATGTATAAAA
VS Forward CACGAAGAAGAGAAGACTGCTTGGA
Reverse AAGAGATAGATGAGTGAAATTTTGGAGATAGATTG
S3 Forward TTCATCCTTTTTCGTCTTTCAGATATTCA
PV
Reverse CGGGTTTGGTGTTGCTCCTATTT
PVS4 Forward GACACCGCTGCAAAAGAACGAC

Reverse

AGAGATGCTCTTAAACGTTGATTGAAGTAGAG
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Forward |GCGACGAAAGGAGAGAGGATATGTTT
PVSs Reverse [AAGTACCAATAGAGACAGAGTTGTGATGTTCC
Forward |CGTCGAAAAGCATAACGAGTTCAAAG
Pyse Reverse |CCGGCCCAATAACTTAAAACCAATAGA
Forward |CTATTCAAAATGAAACCTGCGAAAACA
PVt Reverse |[CAAAAACACTTCTCATTCAAAAACACAATAACA
Forward |CCACACTTTCAGAGACGGACAGGA
PV Reverse |TTACCAAAAGCTAATAAATCGTAAGCCACA
Forward |CAAGCCTCTCAAATTATCCATCTCAATTCT
PSS Reverse |GACGTGGCTGACTCTTATCTGTTGTG
Forward |AAGCCCTCACACTATTCAAAGACCAA
Pysie Reverse |TGATTGAGACAAATACAAACGGAATAGTAAGG
Forward |CGGAACATCATCACACACAGCA
PVSIS Reverse |GGCACGTCTAGGGTACGATCCA
Forward |CCATTGTAACGAAGGCCCACTTTCT
pvs Reverse |CAAGGAAATAAAAACGACAAAATGAAAAATC
Forward |AAAAGAAAGCTGAGTTAGCAACAAGTGC
Pys22 Reverse |GGGTGGGTATGCGACAAAAAGA

Table 2: Arabidopsis thaliana Mutant and Seed Details
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Name Type Line Seeds Retrieved From
nrpel (nrpdbi-11)|Null allele SALK 029919 [Arabidopsis Biological Resource Center
xrn2-3 Null allele SALK 114258 |Prof. Joanna Kufel (University of Warsaw)
xrn3-8 RNAI knockdown [N/A Prof. Joanna Kufel (University of Warsaw)
dxol-2 Null allele SALK 032903 |Prof. Joanna Kufel (University of Warsaw)
fivl-6 Null allele SALK 020882 |Prof. Joanna Kufel (University of Warsaw)
rrp6L2-3 Null allele SALK 011429 |Arabidopsis Biological Resource Center
rrp6L3 Null allele SALK 122492 |Arabidopsis Biological Resource Center
hen2-4 Null allele SALK 091606C |Prof. Joanna Kufel (University of Warsaw)
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