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Abstract

A-to-1 RNA editing is a post-transcriptional modificationalgzed by the ADAR
enzyme family that targets dsRNA. A major group of editingetargn humans is the
primate specific Alu repetitive elements. Due to their lighy number they are often
present as inverted repeats embedded within larger mRNA trassexjpiessed by RNA
Pol 1. Alu elements can also be transcribed by RNA Polahd are termed
transcriptionally active. These Alu transcripts are ablexpard in the human genome
via retrotransposition, and also have functional properties that cantiglpaal gene
expression. RNA Pol Il transcripts including transcriptionaltyive Alu elements have
not previously been shown to undergo ADAR directed A-to-1 RNA editing.

This dissertation details an investigation of A-to-I RNA editindgRNA Pol Il
transcripts and in transcriptionally active Alu elements. ¢sin RNA Pol Ill specific
promoter, a known editing target, the R/G site from glutamatepter B, is shown to
undergo ADAR catalyzed A-to-l RNA editing. This editing targgemonstrates
differences in editing efficiency depending on both the typpobymerase responsible
for transcription as well as ADAR1 or ADAR2 activity. Thignse strategy is used to
compare editing in transcriptionally active Alu elements, showira promiscuous
editing takes place regardless of polymerase or ADAR typdo-IARNA editing only
occurred in the presence of inverted Alu repeats. Finally, tiptisoally active Alu
elements are investigated vivo and show evidence of basal level editing. The
ramifications of A-to- RNA editing in transcriptionally Aldeznents include impacting
human genome evolution and the functionality of Alu derived IncCRNA, wid&iding
insights into mechanisms regulating ADAR activity.
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Chapter 1
Introduction to A-to-1 RNA Editing and Alu Repetitive

Elements



A-to-1 RNA editing is a post-transcriptional reaction that cotsvan adenosine
nucleotide to inosine within double-stranded RNA (dsRNA) (figure 1The reaction is
catalyzed by the adenosine deaminase acting on RNA (ADARIyfafproteins (figure
1.2) (Lehman and Bass 2000). This occurs via a deamination reaatgmtirtg the
amine group on carbon-6 in the purine ring. The resulting change can have drastsc eff
on the final RNA transcript because inosine is interpreted amm@ogine by the cellular
machinery. This can result in codon or splice site changes (Athdizast al. 2004,
Gommans et al. 2008, Gommans et al. 2008, Lev-Maor et al. 2007). In addigon
effective sequence change in the RNA transcript, A-to-l RNArgdcan influence other
RNA targeted mechanisms, such as RNA nuclear export, miRNAatemgul and innate
immune response to viral infection (Chen et al. 2008, Chen and Carmzbde)
Kawahara et al. 2008, Taylor et al. 2005).

A major target of A-to-1 RNA editing in humans are Alu repet elements
(Athanasiadis et al. 2004, Peng et al. 2012). Due to their high coplgenum the
genome, inverted Alu repeats are often expressed embedded withNA tn&hscripts
(Sela et al. 2007). High Alu sequence conservation allows forattton of highly base
paired structures, generating A-to-1 RNA editing substrditascan be edited at multiple
locations. Alu elements can also be expressed independently viRkNAnPol Il
dependent mechanism. Alu elements expressed in such a way havenalrexdtivity
and are also able to retrotranspose (Britten et al. 1988, Hadl&taib 2006, Mariner et
al. 2008). In addition to their role as A-to-1 RNA editing targets, Alu elenteaus other
cis-acting properties which impact gene expression. Alu retrotramtigpobas enabled
Alu elements to have a significant impact on human genome evolution.
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Here | review the fields of both A-to-I RNA editing and Alu elements.
A-to-I RNA Editing is Catalyzed by a Conserved Family of Proteins

A-to-1 RNA editing is a post-transcriptional reaction thahwerts adenosine to
inosine within dsRNA (figure 1.3). The reaction is catalyzedAtienosine Deaminase
acting on RNA (ADAR) family of proteins. ADARsS are consehva&cross metazoans
(figure 1.2). Two important model organisms used to study ARBIA editing areC.
elegansandDrosophila C. elegansias two ADAR homologs, Adr-1, and Adr-2. While
either Adr-1 or Adr-2 deletions reduce editing activity and impair chensytamly Adr-2
has a functional deaminase domain (Tonkin et al. 2002). On the otheiChasdphila
encode only one ADAR enzyme (Petschek et al. 1996). Both model shaeedbeen
important in determining the role ADAR plays both during developmentarah RNA
regulatory protein.

Vertebrates encode three ADAR enzymes ADAR1, ADAR2, and ADARS3.
ADARS is expressed exclusively in the brain and located in the nucleus, snggestie
in neural activity or development (Melcher et al. 1996). Likevertebrate homologs,
ADARS3 has multiple dsRNA binding domains, as well as an arginahereigion near the
N-terminus that enables single-stranded RNA (ssRNA) binding (Gteal. 2000).
However, its deaminase domain has not been shown to be active (GiieAG£0). In
addition, ADAR3 knockout mice display no phenotypic abnormalities (NishiROi®).
Any further discussion of vertebrate ADAR activity will focusledy on ADAR1 and
ADAR2.

ADAR1 and ADAR2 Expression and Regulation



ADARL1 is expressed via two independent mechanisms. The dirsiai a
constitutively active promoter that allows for the expression sifat form of ADAR1,
called ADAR1-p110. ADAR1-p110 contains three dsRNA binding domains looatad
the N-terminus, and a deaminase domain located near the C-termdbdgR1-p110 is
expressed in most tissues, but is most active in the brain (Gdn €006). ADAR1-
p110 is localized entirely within the nucleus.

The other mechanism of ADAR1 expression is by an interferon édpiomoter
(George and Samuel 1999). Expression from this promoter yieldbrgeform of
ADAR1, called ADAR1-p150. In addition to the dsRNA binding domains and
deaminase domain present in ADAR1-p110, ADAR1-p150 also has two Z-DEA-I
binding domains. These Z-DNA-like binding domains contain a nuclear tegigmal
that allows for ADAR1-p150 nuclear export via an interaction withrihelear exportin
CRM1 (Poulsen et al. 2001). This enables ADAR1-p150 to localize to theth
cytoplasm and nucleus. While no specific role for the Z-DNA bindimgain has been
identified, editing efficiency decreases if this domain is mdtéteerbert and Rich 2001,
Koeris et al. 2005).

ADARL1 has been shown to be vital to development, as ADAR1 knockout mice
are embryonic lethal (Wang et al. 2000). The reason for thisllisigknown since
phenotype onset has not been correlated with lack of editing in dicpecie in ADAR1
knockout mice. Rather, it may be a combination of reduction in gditimultiple genes
as well as loss of other regulatory functions associated ARAR1. These other

regulatory functions include nuclear retention of edited RNA omgés in gene



expression when ADARL1 is present (Chen and Carmichael 2009, Chen 2§08|
Osenberb et al. 2010). These will be discussed later in further detalil.

Unlike ADAR1, ADAR2 has only 2 dsRNA binding domains in addition to its
deaminase domain (Xu et al. 2006). Inositol hexaphosphate is alsentpresthe
ADAR?2 core, and is required for ADAR2 activity (Macbeth et2005). ADAR2 is
expressed in most tissues with the highest activity in the lg&am et al. 2006). In
addition, ADAR2 is only localized to the nucleus. ADARZ2 is abledib i&s own pre-
MRNA (Dawson et al. 2004). This is an important regulatory taagethe edited
ADAR?2 pre-mRNA results in the creation of an alternativelycgpl ADAR2 transcript,
which expresses a non-functional ADAR2. Impairing the ability ofARR to self-edit
results in global increase in ADAR2 directed editing in micen@Fet al. 2006). Thus,
the ability of ADAR2 to edit its own pre-mRNA serves as d-gjulatory feedback
loop.

ADARZ2 knockout mice are born with a severe epileptic phenotype amwittiie
two weeks of birth (Higuchi et al. 2000). However, unlike ADAR1, thesaedor this
phenotype is attributed entirely to lack of editing at a spesitiecin the mRNA encoding
the Glutamate Receptor (GluR), a neural receptor highly involvexéitatory neural
transmission. This edited site is called the Q/R site dtel RNA editing results in a
glutamine to arginine codon change. Replacing the edited adenosiree guémosine at
the genomic level in ADAR2 knockout mice completely rescues thisgijage (Higuchi
et al. 2000). While ADAR2 can edit other sites, the necessigdibhg at the Q/R site

may have led to the optimization of ADAR2 editing at this gitgarticular (Lai et al.



1997). This is supported by the observation that the Q/R sithtexié¢o near 100% in
normal brain tissue, and is almost exclusively edited by ADAR2.

Regulation of both ADAR1 and ADAR2 may be controlled by modulating
localization between the nucleus and nucleolus. SUMO-1 is an ubifkeiprotein that
can be conjugated to select proteins. SUMOylation leads to psmeuestration to the
nucleolus, the region of the nucleus involved in ribosomal processinge(fdest al.
2005). While ADARL1 is targeted by SUMOylation, and SUMOyYlIaA&ARL1 is present
in the nucleus, nucleolar sequestration occurs independent of SUMOyésidi)AR1
SUMOylation resistant mutants still localize to the nucleolt®wever, SUMOylation
leads to a reduction of ADAR1 activity. Similarly, ADAR2 cawcdlize to the nucleolus.
Like ADAR1, this occurs independent of SUMOylation since ADAR?2 |lack®nsensus
SUMOylation site. Rather, ADAR2 localization to the nucleolus dependsinding to
rRNA molecules that can form dsRNA (Sansam et al. 2003). In addition to satjoest
rRNA binding leads to a reduction in ADAR2 editing activity. ADARfitmg activity is
further reduced by binding to snoRNA within the nucleolus (Vitaliakt 2005).
SnoRNAs are localized in the nucleolus and are involved in post-taisaal
regulation of rRNA.

ADAR Site Selectivity and Editing Efficiency are Separate Events

ADARSs can target either a single adenosine or multiple adeisognemiscuous
editing) within a single RNA molecule for A-to- RNA editirfgthanasiadis et al. 2004,
Sommer et al. 1991). In addition, the frequency of editing (edifingescy) can vary
between individual adenosines within a single RNA molecule. droad sense, editing
site selectivity and efficiency are inversely correlatedon@ans et al. 2008).
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Promiscuously edited RNA generally display lower editing edficy compared to
generally higher editing efficiency in RNA molecules edited at dessite.

It is largely unknown why only certain adenosines but not otherdaesl evithin
dsRNA. Though ADAR1 and ADAR2 share many editing substrates hiédney different
editing efficiencies (Kallman et al. 2003, Lai et al. 1997, Lehmawath Bass 2000). In
addition, their site selectivity can differ in promiscuously ed®RMA molecules. Site
selectivity and editing efficiency are dependent on the coordinafi#@DARS’ binding
and catalytic domains as well as the sequence and secondaryrstafcthe substrate
itself. Both ADAR1 and ADAR2 are able to form homodimers (Vaetd Nishikura
2007). This can occur independent of RNA binding but is necessary foil RiWA
editing. While heterodimerization has not been demonstrated, ADARHAlesto form
dimers between ADAR1-p110 and ADAR1-p150.

The dsRNA binding domains within both ADAR1 and ADAR2 display déifer
dsRNA binding affinities (Brooks et al. 1998). The three dsRNA bindingagsmof
ADAR1 are not equivalent in substrate binding. In both humansXambpus the
dsRNA binding domain located closest to the deaminase domain, domains3, wa
demonstrated to be most important for substrate binding. The middleAdsRNing
domain was shown to be the least necessary for substrate bindingandilbuat second
most important for substrate binding ineXopus Meanwhile, the dsRNA binding
domain located closest to the N-terminus had the second mosticaighiéffect on
substrate binding in humans but was least importakemopus This reversal in domain
necessity may be due to either species specific differences in ADARiLdifierences in
the binding kinetics associated with the specific substrate used in each study.

8



ADARZ2 displays different binding affinities between its dsRbiAding domains
and different binding affinities for different editing targetsel@ion studies indicate a
higher involvement in substrate binding by the dsRNA binding domain thchisest to
the deaminase domain (Ohman et al. 2000, Xu et al. 2006). Structuraisuadlipoth
dsRNA binding domains indicates not just secondary structure, but alsspéadic
sequence of the dsRNA itself plays a role in substrate binding (StefRéua).

Both editing site selectivity and editing efficiency alependent on the sequence
of the editing substrate (Athanasiadis et al. 2004, Kawahara et al. 2008, LetdvBesa
2000). Extensive analysis of editing targets revealed preferércggecific nucleotides
both 5’ and 3’ to the edited site. The -2 and -1 positions relativeetediting site show
nucleotide preferences of U > C > G > A and C > U > A >eSpectively. Positions +1
and +2 relative to the editing site showed preferences of GG Aand C>G > U >
A, respectively. In addition, there is a preference for cytpsinea negative preference
for either adenosine, guanosine, or uracil directly opposite the gediti@ within the
dsRNA structure (Kallman et al. 2003, Wong et al. 2001).

The tertiary structure of the editing target is importameemlly in determining
patterns of editing (Enstero et al. 2009, Kleinberger and Eisenberg. 20&/Mhile
extensive dsRNA structure is necessary for substrate bingiddBR, the location of
adenosines within the dsRNA is important for editing site selectiin promiscuously
edited RNA, recognition of a principal editing site promotesirggliof other adenosines
(Enstero et al. 2009). Editing of these other adenosines is linytbdth their distance

from this principal site, as well as location of those editegkgib the same side of the



helix as the principal site. Editing of additional sites beyond phiscipal site is
hypothesized to occur in a single direction.
A-to-l RNA Editing Influences Protein Function by Introducing Non-Synonymous
Codon Changes

The earliest targets of A-to-1 RNA editing were discodeserendipitously in the
brain. The earliest known targets encoded for neural receptors amdesatted in a
codon change that impacted protein function. GIuR-B contains two editagycalled
the Q/R site and the R/G site (Higuchi et al. 1993, Lomedi.e1994). They are named
thus because editing results in a glutamine to arginine changaaadinine to glycine
codon change, respectively. The glutamate receptor itsetfakiam channel located at
the synapse of excitatory neurons. Activation by binding to glutacaaiges the calcium
channel to open, allowing for a flow of Calown its concentration gradient across the
membrane. This leads to membrane depolarization and subsequenioactfathe
neuron. The Q/R site is located within exon 11 (Sommer et al. 19919. secondary
structure is formed between an exonic sequence and an editing camagnsite (ECS)
located within intron 11 (Higuchi et al. 1993). Editing at this sitsignificant because
the amino acid encoded at the editing site is located withi@#ffechannel. In the case
of the unedited target, both hydrophobicity and the amino acid structgtataimine at
this location causes the ion channel to be constitutively open, alldarir@gn unchecked
flow of Ca" through the channel. Editing results in the presence of an arginihis a
location, preventing the flow of ions in the absence of glutamate bii8mmmer et al.

1991). As already discussed, the necessity for editing at thisypar site has been
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demonstrated in ADAR2 knockout mice, where lack of editing leads tevares
neurological phenotype and death within 2 weeks of birth (Higuchi et al. 2000).

The other editing site present in GIuR is the R/G site. Thisg site is located
in the last codon of exon 13 (Lomeli et al. 1994). The dsRNA hairpintste overlaps
the exon/intron junction and is 81 nucleotides in total length. Though not as
physiologically significant as the Q/R site, editing at RI& site is involved in recovery
following membrane depolarization, where edited channels display isagily faster
recovery rates over unedited variants.

Another important A-to-1 RNA editing target in which editing imfsathe codon
sequence is the serotonin receptor (5-HTC2) (Burns et al. 1997). 3-ldT&Cmember
of the G-protein-coupled superfamily of receptors. Activation iggnid binding in
neuronal synapses causes 5-HTC2 to interact with the G-pr@emsG,,/13to initiate a
signal cascade that leads to production of inositolphospate and dzeygdglfPrice et al.
2001). In addition to the functional relevance, what makes this etkiiggt interesting
is that 5-HTC2 contains five editing sites spaced across 14 ndeedhat influence the
sequence of three codons. A-to-l RNA editing can result in 32 mizMiants resulting
in 24 protein isoforms. Editing reduces G-protein coupling and leadseduation in
agonist-receptor sensitivity and selectivity (Berg et al. 200Kilda et al. 2010, Price et
al. 2001). While editing may provide a mechanism to regulate recsgasitivity, mice
engineered to exclusively express the fully edited 5-HTC2 isoftigplay phenotypes
consistent with Prader-Willi Syndrome (Morabito et al. 2010).

A-to-l RNA editing as a modulator of protein activity was digplh by
comparing differences in editing rates in" KKhannels between different species of

11



octopus (Garrett and Rosenthal 2012). Editing causes an I/V changmlon 321,
resulting in a protein channel with faster closing ratese dmount of editing observed
depended on the water temperature of their natural environment. Anesarnegative
correlation was found between observed editing levels and wateer@ome. This
indicates A-to-1 RNA editing can provide a mechanism of p@stscriptional adaptation
to changes in environmental cues.
Coordination of Editing and Splicing

Protein coding transcripts undergo a series of co-transcripjooedssing steps
including the addition of a 5’ cap, alternative splicing, and poly-adeagléBuratowski
2009, Hirose and Okhuma 2007). Each of these steps is coordinated blydRINAthe
polymerase responsible for expression of protein coding genes. #rketural feature
of RNA Pol Il is the C-terminal domain (CTD). In humans, @ED is made up of 52
heptad repeats with consensus amino acid sequence Tyr-Ser-PefTPro-Ser (Fong
and Bentley 2001). This region is highly involved in coordination of awstigptional
processing events, and is required for efficient transcriptioration. In general, the
heptads 1-25 of the CTD are involved in transcription initiation andswitch from
initiation to elongation, while heptads 26-52 are involved in RNA pratgsattivities
(Buratowski 2009, Hirose and Okhuma 2007).

A-to-1 RNA editing occurs in double stranded regions formed exiwe
intramolecular complementary sequences. However, complemerggigns often
straddle exon/intron junctions. Because of this, editing must prepédmg (Ryman et

al. 2007). To test this relationship, RNA Pol Il expression vetiave been developed
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that vary in the structure of their CTD and are also resistant to the RNAiRtabitor o-
amanitin (Fong and Bentley 2001).

An interesting comparison can be made between the R/G sitbeu@R site in
GluR-B. The R/G site forms a hairpin structure with a dsRBgian 38 nucleotides in
length with the complementary regions separated by 5 nucledlideseli et al. 1994).
In addition, the editing site is situated 2 nucleotides upstredaheahtron/exon junction.
The complementary regions that allow for editing at the Q/& aie separated by a
greater distance. In addition, the exon/intron junction is not sitwatbth the dsRNA
region, but rather is located in the loop region separating thpleorantary sites (Lai et
al. 1997). These two editing sites differ in terms of the positioth@fexon/intron
junction relative to the dsRNA region and the editing site.

Using editing and splicing variants of the R/G editing sitejreglitvas shown to
inhibit splicing (Schoft et al. 2007). Either editing incompeteqtieaces or the addition
of RNA Helicase A, which disrupted ADAR2 binding, increased splidiBatt and
Ohman 2003). RNA Pol Il CTD deletion did not affect A-to-1 RKAiting in splice-
incompetent variants. However, R/G editing targets with enhasyuexdng capabilities
indicated that efficient editing was dependent on the presenbe &TD when splicing
is enabled (Ryman et al. 2007). This indicates that editing armdngptompete with
each other when an active exon/intron junction is present withirdsR&NA region.
Also, these experiments show that the CTD is important in ensilna@diting precedes
splicing in such scenarios.

Similar studies using the Q/R site produced different reswiste, editing and
splicing are in less competition with each other since theesgiie is present in the loop

13



rather than within the dsRNA region. Editing in splice competenstcucts was near
100% in the presence of wild-type CTD. Also, transient transtectf ADAR2 caused
splicing to increase (Ryman et al. 2007, Schoft et al. 2007). Tieist &y ADAR2 on
splicing was shown to be editing dependent. Meanwhile, RNA PollD @eletion
resulted in a reduction in editing but an increase in splicing éRyet al. 2007). In this
case, the CTD delays splicing until editing can occur, itidigaa role by the CTD in
increasing editing efficiency.

This was supported by an investigation into the self-editing oARD mMRNA
(Laurencikiene et al. 2006). In this case, editing results ioréaion of an alternatively
spliced exon that yields an inactive ADAR?2 protein isoform. Ediind thus alternative
splicing were shown to be dependent on the presence of the CTD.vétpwes could
be rescued with the presence of either the first half or secdhdfithe CTD. This
indicates low regional specificity in ADARZ2 to associate with the CTD.

Taken all together, the CTD is necessary to ensure propengeditid splicing
when the complementary regions are separated by exon/intron jundimoaddition, A-
to-l RNA editing can either enhance or inhibit splicing (Bratid aOhman 2003,
Laurencikiene et al. 2006, Ryman et al. 2007). Differences inb#thsvior may be
dependent on both the location of the exon/intron junction relative to the AsRN
structure, as well the distance between the complementary rediorcases where the
complementary regions are more distantly separated, the CkDbeacting to stall
splicing to allow A-to-1 RNA editing to take place (Rymanaét 2007). This stalling
may be necessary as it has been shown that editing effiailereceases as the distance
between complementary sequences increases (Athanasiadis et al. 2004).
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The effects of A-to-I RNA Editing on Alternative Splicing

Alternative splicing is the discretionary inclusion of individuab®s into mature
MRNA. This is in contrast to constitutive splicing in which individeceons are always
included in the mature mRNA (McManus and Gravely 2011). Alternaplieirsg can
take several different forms, such as mutually exclusive sglievhere alternative
splicing results in an either/or scenario. Such exons are oftiel ¢ip-flop exons.
Another type occurs with the selective inclusion of an alterrgtsmiced exon that does
not influence the splicing of other exons into the mature mRNA. &stncases,
alternative splicing is associated with a change eithimiction, cellular localization, or
regulation of the resulting protein.

A-to-I RNA editing can directly influence alternative sptigi by creating or
destroying the 5-GU or AG-3’ splice sites present on the @fdatronic sequences.
This is illustrated by the self-targeting capability of ADARD edit its own transcript
(Dawson et al. 2004). In this case, editing results in the creatf an —-Al 3
dinucleotide that functions as an AG-3’ dinucleotide. This resultsnial@rnatively
spliced mRNA that encodes a non-functional protein.

A more prevalent example of A-to-I RNA editing directly infhoeng alternative
splicing is seen in Alu repetitive elements. Alu elementspareate specific repetitive
elements present in over 1 million copies in the human genome. a¢htdheir high
copy number and high sequence conservation, it is very common for Alergketo be
embedded within mRNA molecules (Grover et al. 2003, Sela et al. 200igo$sand
Rigoutsos 2009, Urrutia et al. 2008). It is also common for invertedpAits to be
expressed within the same transcript such that they can fokddmaeach other creating
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dsRNA. The commonality of this scenario makes Alu element®rmfgjto-I RNA
editing targets (Athanasiadis et al. 2004, Kim et al. 2007). Adments will be
discussed in more specific detail in later sections.

Alu elements were first shown to be alternatively spliced assalt of A-to-I
RNA editing in the human nuclear prelamin A recognition factohRN) (Lev-Maor
2007). Here, inverted Alu repeats in intron 7 were edited, creatBigplice site in a
sense oriented Alu element located downstream of its inverted paBdging created 5
potential splice sites that were each splice competent. Biadanction of NARF is yet
to be clearly defined, the impact of these splice variants couldb@atietermined.
However, primate genome comparisons indicate that the head torfseagon of this
inverted Alu pair occurred 58-40 million years ago and that mutatieeisthe course of
34-50 million years eventually enabled A-to-I RNA editing to cithe inclusion of this
particular Alu exon (Moller-Krull et al. 2008). No functional dompmoperties have yet
been attributed polypeptides derived from exonized Alu sequences.
A-to-I RNA Editing in Untranslated Gene Regions

Protein coding genes are transcribed with untranslated redibrRsf at both
their 5 and 3’ ends in addition to intronic sequences. 5’'UTRs armhintsequences are
enriched for Alu elements relative to translated regionsi@bsirand Rigoutsos 2009).
As such, UTRs harbor major targets for promiscuous A-to-I RidAing (Kim et al.
2007, Peng et al. 2012). High levels of editing across multiple caessignificantly
impact mRNA localization and ultimately gene expression.

Inverted Alu pairs were identified in the 3'UTRs of 333 ger@se( et al.

2008). GFP reporter genes containing inverted Alu pairs were shown tiove
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regulated, but not reporter genes that carried only a singleelment or no Alu
elements in their 3UTR. This down regulation was shown to beedabg nuclear
retention of MRNA with promiscuously edited 3' UTRs (Chen et28108). Also,
ADAR1 knockdown in human embryonic stem cells (hESCs) resulted in sag®in
RNA from genes involved in development and differentiation, but a deciraRNA
from genes involved in nucleic acid and protein metabolism (Osgrdteal. 2010).
Inosine containing MRNA has been shown to have a reduced abilityndergo
translation (Scadden 2007). This suggests an editing dependent ADIRARA in down
regulating gene expression.

Alternatively, transiently transcribed, but not chromosomally locategorter
genes displayed an increase in RNA levels dependent on binding and bgiADAR1
but not ADAR2 (Gommans and Maas 2008). Also, in b©thelegansand humans,
MRNA with promiscuously edited 3'UTRs were shown to be bound by nuiltipl
ribosomes and was translated (Hundley et al. 2008). This indida#sedliting
dependent regulation of promiscuously edited RNA can have differesttefdn gene
expression.

The dichotomy may be due to a combination of the manner of exgessiwell
as the system used in these studies. Translation inhibitiolveasvedn vitro when
dsRNA was engineered with inosine already present, as walh &#elLa cells when
dsRNA contained high levels of GU base pairs (Scadden 2007). Such meleark
shown to be present in stress-granule like complexes that led to mgwlation of

translation. dsRNA molecules engineered to contain high amounts dneinwsre
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shown to be targeted for cleavage by the Tudor-SN subunit of RNAaddsitencing
Complex (RISC) (Scadden 2005).

Additionally, cell type specific structures are also involved regulating
promiscuously edited mMRNA. NEAT1 is a non-protein coding gene xipaggses a long
non-coding RNA molecule (IncRNA). NEAT1 IncRNA behaves as afsid for the
formation of paraspeckles. Paraspeckles are localized to theusuend house
paraspeckle proteins PSP1 and p54. These proteins act to sequestsrymasty edited
MRNA into paraspeckles and away from nuclear exportins (Chen280d, Clemson et
al. 2007, Zhang and Carmichael 2001). Interestingly, NEAT1, and thus p&laspece
absent from certain cell types such as embryonic stem(G&lemn and Carmichael 2009).
Cells lacking paraspeckles display a reduced retention of promisglemishg mRNA
in the nucleus.
mMiRNA Processing and Function isImpacted by A-to-1 RNA Editing

MiRNAs are small RNA molecules, 21 to 25 nucleotides in lengthichwcan
regulate expression of specific target mRNA transcripts throarg RNA silencing
pathway. miRNAs are derived from a primary miRNA transqgptmiRNA) that may
contain multiple miRNA sequences. pri-miRNAs fold into a doublansied RNA
structure that is processed by the RNA endonuclease Drosha iniD) nucleotide
precursor miRNA (pre-miRNA) (Lee et al. 2002, Lee et al. 20Q8k-miRNA is then
transported to the cytoplasm where it is further processed intarendduble stranded
MiRNA by the enzyme Dicer (Bernstein et al. 2001, Lee .e2@02). One of the two
mature miRNA strands is then bound by the protein Argonaute and inataganto the
RNA Induced Silencing Complex (RISC) (Hutvagner 2005). RISChHARomplexes
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regulate translation of specific target mMRNA molecules basedomplementary base
pairing between the single stranded miRNA and the target iseglecated within the 3’

UTR of the mRNA. Key to this regulation is a part of the miRirmed the seed
sequence. This seed sequence is found in the 5 region of the miRNApans

nucleotides 2-7. Base pairing of only the seed sequence tortje¢ RNA has been
shown to be sufficient for down regulation of expression, regardlesms® pairing

between the rest of the miRNA (Brennecke et al. 2005, Doench and Sharp 2004).

Due to their inherent stem-loop structure, miRNAs are targe®s-tofl RNA
editing. mMIiRNAs can be targeted by A-to-l RNA editing 8t stages of miRNA
maturation (Blow et al. 2006, Luciano et al. 2001, Kawahara 208b, Kawahara et al.
2008). In the nucleus, A-to-1 RNA editing typically, but not always &a inhibitory
role in pri-miRNA processing by Drosha. Processing by Drostsome miRNAs was
unaffected by editing, while in a minority of pre-miRNA, A-tdRNA editing actually
increased processing (Kawahara et al. 2008). Interestinglydegit-miRNA can be
degraded by Tudor-SN, indicating a post transcriptional mechanismgofating pri-
MiRNA concentrations (Yang et al. 2006).

Just as with processing by Drosha, pre-miRNA processing byr [8calso
influenced by A-to-l RNA editing (Kawahara et al. 2007, Kawahetaal. 2008).
However, editing does not always inhibit pre-miRNA processing. |dbation of the
edited nucleotide relative to the Dicer cleavage site infleempre-miRNA processing
(Kawahara et al. 2008).

Finally, A-to-l RNA editing has the ability impact RNA gmting by miRNAs.
While the miRNA seed sequence is key to targeting and down negulatRNA
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containing a complementary sequence, its length is only 7 nuckeotleingle editing
event can significantly impact gene targeting. Indeed, editetlAs not only show less
preference in regulating transcripts which they originajeed, but they can also target
new transcripts for regulation that were not originally taidydte that particular miRNA
(Blow et al. 2006, Kawahara et al. 2007). A recent study of ARbOIA editing in the
human brain revealed 47 of 209 pri-miRNAs are edited, and further pektheteabout
16% of human pri-miRNAs are A-to-l RNA editing targets (Khasa et al. 2008).
Similar to this, editing at miRNA target sites within Alepetitive elements can
significantly change their targeting by Alu directed miRNAs (Bertlet al. 2009).
ADAR1-p150 and ADARZ2 Function in Innate Immune Response to Viral Infection

RNA viruses are a class of viruses in which genetic informaistored as RNA
(Pond et al. 2012). Retroviruses, such as human immune-deficiensytypeu 1 (HIV-
1), encode a retrotranscriptase which allows for integratiosraf genetic material into
the host genome. Non-retroviruses, such as the measles virus, dacoddlA-
dependent RNA Polymerase that is necessary for viral growtthe loase of the measles
virus, viral growth occurs entirely in the cytoplasm.

The viral life cycle has three rate limiting steps (PondleR012, George et al.
2009, Samuel 2011). First, viral infection begins with attachmettidoyirus to the cell
membrane, followed soon thereafter by injection of viral gemaaterial into the cell.
The second rate limiting step is viral proliferation inside the lte. In the case of
retroviruses, proliferation involves the translation of viral RNAtle host ribosome to
produce either the reverse transcriptase or the RNA-dependehntPRNmerase. This
enables integration of retroviral genetic material into the hd& genome, or copying
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of viral RNA. Integration enables production of additional viral RN#lecules,
translation of viral proteins, and repackaging of viral RNA intwlgeformed protein
coats. The final rate limiting step is the release of pndatmed virus from the cell
enabling infection of other cells.

The ADAR1 gene has an alternate promoter that is interferomdepe and
produces ADAR1-p150 (George and Samuel 1999). ADAR1-p150 contains arnuclea
export signal that allows for it to be expressed in both the nueledigshe cytoplasm
(Poulsen et al. 2001). Localization to the cytoplasm allows for RDA150 to target
double-stranded viral RNA. Indeed, HIV-1, hepatitis C virus, and neasgies RNA
have been shown to undergo A-to-I RNA editing (Doria et al. 2009, Suspahe2610,
Taylor et al. 2005). In the case of hepatitis C virus, ADARhiBcantly decreased viral
growth via an editing dependent mechanism (Taylor et al. 2005). Hoveevee, viruses
have adapted to take advantage of A-to-l RNA editing. In the albkepatitis delta
virus, viral growth increases following A-to-1 RNA editing (Polson et al. 1996).

Though ADAR1-p150 is an editing enzyme expressed in response to viral
infection, it can influence viral infection via editing independerthanisms (George et
al. 2009). ADAR1-p150 displayed an interesting dichotomy in respormeedsles virus
infection. ADAR1 knockdown in mouse embryonic fibroblasts led to a dser@a the
rate of infection by measles virus. However, viral proliferatfollowing infection by
measles virus increased in the presence of ADAR1 (Ward et al..20h®) is due to the
effect ADAR1-p150 has on the protein phosphor-kinase R (PKR). PHERirgerferon
induced dsRNA binding protein which upon binding to dsRNA dimerizes and
autophosphorylates. This activation results in expression of otheralnfiators and can
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lead to initiation of apoptosis. ADAR1-p150 reduces PKR activationPdH induced
apoptosis (Toth et al. 2009). This may occur either through substatpetition
between ADAR1-p150 and PKR or could be due to the ability of ADAR1-p150 to
interact with PKR (Nie et al. 2006). These editing independéattefpromoting viral
growth were also shown to occur in T-lymphocytes following inéecby HIV-1 (Doria

et al. 2009). Thus while ADAR1-p150 may aid in reducing initial vimédctivity, it can
have an inhibitory effect on cell response to viral infection.

Another interesting study found ADAR2 can also influence infectionDAR2
overexpression resulted in an increase in HIV-1 proteins inyloplasm and an increase
in viral release from the cell (Doria et al. 2011). This sl@wn to be due to a decrease
in PKR activity. In addition, ADAR2 knockdown in Jurkat cells resulted decrease in
HIV-1 viral replication. However, while viral proliferation ireased following infection,
the rate of infectivity was unaffected. A similar influerare viral growth by ADAR2
was observed in ADAR2 knockout mouse fibroblast cells infected potilomavirus
(George and Samuel 2011). Once again, viral growth, but not infectienwas
influenced by ADARZ2.

Use of High-Throughput Technology to Study A-to-1 RNA Editing

The first A-to-I RNA editing targets were found in thelgd90’s in neuronal
receptors by serendipity (Burns et al. 1997, Sommer et al. 1991) tBatdime, greater
focus has been placed in identifying novel editing sites that imgpawce function.
Expanded use of high throughput technology has greatly increasedatbb sapacity
and accuracy of this endeavor. These methods can be broadly dintioledo general
strategies: search of existing gene databases and use oferedation sequencing.
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Though each method has its own set of advantages and disadvantageppliestion
has greatly expanded beyond the identification of novel recoding amentstein coding
genes. High throughput approaches to studying A-to-I RNA edi@sgshown that A-to-
| RNA editing is prevalent. Indeed, A-to-I RNA editing is nawplicated in having a
significant potential to greatly expand heterogeneity in humathsasiadis et al. 2004,
Kim et al. 2004, Li et al. 2011, Paz-Yaacov et al. 2010, Peng et al. 2012).

Improved computational algorithms as well as investigation afuendatabases
have greatly expanded the number of potential recoding events tltaeared by A-to-|
RNA editing. One example of this was the use of the single otigdepolymorphism
(SNP) database to identify A-to-1 RNA editing sites that peeviously been mislabeled
as SNPs. This screen used a system of filters to scaSNife database for A/G
discrepancies between the consensus genomic sequence and the SNRr{&ema.
2008). This screen identified 554 potential editing sites, three ofhwbite site in
SRp25 and two sites in IGFBP7, were identified as novel editieg giat resulted in a
codon changes. A second example was the development of the RNAgHktiaflow
System (REDS) program (Maas et al. 2011). This progragneal the expressed
sequence tag (EST) database to the genomic database and usedysteém to identify
high probability A-to-1 RNA editing sites that result in non-syyimous codon changes.
Several of these novel sites were verified as bona fide editing sites.

Though a database driven approach can be very cost effective upfroathitites
throughput methods require specific verification of each potentidingdsite. This
verification process can be especially costly in termsnoé spent. This issue of time
can be largely avoided with the use of next generation sequen@egelopment of
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RNAseq technology has enabled high throughput sequencing on an indivahsalript
basis.

The use of RNAseq technology can best be demonstrated by the 1000eGenom
Project (Li et al. 2011). This project seeks to compare the genomes andptamss of
a large group of individuals to catalog and understand genetic thversioss a
population (The 1000 Genome Consortium, 2011). A 2011 study by the 1000 Genome
Project used high throughput sequencing to sequence Human B cellfieMA27
different individuals (Li et al. 2011). These RNA sequences wexe aligned to the
DNA sequence of each individual, and genomic and RNA sequencesangpared for
nucleotide mismatches. Researchers identified 28,766 total mieaspread across
10,210 exons and 4741 total genes. A/G mismatches, indicative of RN&:lediting,
represented 23% of the mismatches and were the most common Tymse A/G
mismatches were enriched in coding regions and 3'UTRs. Ititeylys the number of
A/G mismatches varied between individuals, indicating an editipgrateent mechanism
in increasing variability.

A similar study investigated A/G mismatches between genanct cDNA
sequences derived from tissues broadly sampled from a singéen{Peng et al. 2012).
22,288 total mismatches were identified, with A/G mismatches septieag about 93%.
Of these mismatches, an overwhelming majority (~90%) weratdd in Alu elements.
Also, A/G mismatches were enriched in intronic and 3'UTR sequemnegh is
consistent with Alu distributions within protein coding genes (Sekd.€007). These

results were consistent with earlier studies indicating Admehts as major A-to-I RNA
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editing targets (Athanasiadis et al. 2004, Kim et al. 2007, Palz 2007, Paz-Yaacov et
al. 2010)

A third interesting study sought to correlate A-to-1 RNA edjtin Alu elements
with primate evolution (Paz-Yaacov et al. 2010). This study cosdpdouman,
chimpanzee, and rhesus monkey for differences in editing levels ibraine The
highest amount of editing was observed in humans while chimpanzekesud monkey
did not significantly differ. This difference was not due to ddferes in ADAR
expression. Rather, variation in the presence of nearby inveldeglelnents appeared
to play a significant role. Humans and chimpanzees share aitynaybrtheir Alu
elements. In addition, since their divergence, humans and chimpanzedsada&30
and 1642 new Alu insertions, respectively (CSAC 2005, Mills et al. 208&)ce the
divergence between humans and chimpanzees, new Alu insertions weretdobad
enriched in genes associated with neuronal development and functiovig&am+ et al.
2010). Increased transcriptome diversity was associated with these mavsdttions.
Alu Elements Have Heavily mpacted Human Evolution

The human genome is 3.4 billion base pairs in length. The initi#l afrahe
human genome estimated about 50% of the human genome to be comprigpsditofae
elements (IHGSC 2001). However, a study using improved sequencitigpdse
combined with different computational and statistical analysis éstgmated that
repetitive elements may comprise up to two-thirds of the human gehpmeass (de
Koning 2011). Alu elements compose a major fraction of the reefNA content.
Alu elements are primate specific repetitive elements instoet interspersed element
(SINE) family of repetitive elements. They are about 300 m¢mgth and are present in
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over 1 million copies in the human genome (Britten et al. 1988). AliegefAlu
elements make up about10% of the human genome by mass (IHGSC 2001).

An Alu element can be divided into a left arm and a right armraggzh by a
central poly-A track (Figure 1.4) (Batzer et al. 1996). The tmoed structure evolved
from two individual monomers separately derived from the 7SL RNAhef signal
recognition particle (SRP). The fusion of these two monomers &@bouatillion years
ago coincides with the evolutionary divergence of primates from otrennmmals
(Quentin 1992). The left monomer contains putative A-Box and B-Box promoter
elements for RNA Polymerase Ill. Though similar in sequéneegight monomer lacks
these promoter elements, but does contain an additional 31 nucleotiddhasés not
present in the left arm. The right arm ends in a poly-A kait tan be comparatively
longer than the central poly-A-track. The overall length aewegic sequence of this
poly-A tail is highly variable among individual Alu elements (Roy-Engell €2002).

Alu elements have been divided into three major families: AluJSAand AluY
(Batzer et al. 1996, Britten et al. 1989), that are differentiategdo@n conserved
discrepancies in each family’s consensus sequence. Each ofAlhesanilies can be
further characterized into different subfamilies based on additisequence
discrepancies. For example, the AluY family can be furthézgosized as AluYabs,
AluYa8, and AluYb8 among others (Batzer et al. 1996). Currently, Adment
retrotransposition is only seen in the AluY subfamilies. Cwmaden of the AluY
sequence and the observation that not all members of the AluY subtamikble to
retrotranspose has led to the hypothesis that genetic souréds fetrotransposition are
produced by a relatively limited number of Alu elements calledter genes (Britten et
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al. 1988, Deininger and Slagel 1998). The presence of the variols shibfamilies
supports the idea that there are multiple master genes ¢éhat@ently responsible for
the expansion of Alu elements (Deininger and Slagel 1988, Stylesran#éfigld 2007).
The commonality of AluY subfamily sequence between humans and cEeg=
suggests that the currently active master genes are shared betwegetieth(8ritten et
al. 1989, Styles and Brookfield 2007, CSAC 2005, Deininger and Slagel 1868&tHl.
2005). This means that the AluY subfamily arose prior to the diveegbetneen
humans and chimpanzees. Currently, Alu elements are expanding at adiout 1 new
heritable insertion per 20 births, (Cordaux et al. 2006).

Alu elements provide an interesting insight into the primate, and thumean
evolution. Primate genomes can be compared in two ways withdseigaAlu elements.
The first is through comparative analysis of Alu insertions @tial. 2009, Mills et al.
2006, Paz-Yaacov et al. 2010, Xing et al. 2007). Simply stated maselyclrelated
species have more Alu insertions in common. The second is throaiysia of
sequence divergence in Alu elements shared between spediésn(B010, Liu et al.
2009, Paz-Yaacov et al. 2010). This provides insight into the relativefate Alu
element since the more recent the insertion, the higher the segoenservation
between species (Brookfield and Styles 2007, Han et al. 2005, Lu2€08, Xing et al.
2007). It is also demonstrates a selective pressure to math&@ilu consensus
sequence, indicating an important role for Alu elements (Lal.€2009). These kinds of
analyses have been important in understanding the evolutionary netagpiobetween
different primate species and the relationship between Alu @tsgosition and primate
evolution (CSAC 2005, Mills et al. 2006 Xing et al. 2007). Perhaps otleeomost
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striking evolutionary correlations is that of increased Alu exipansorrelating with
increased brain size in humans (Britten 2010, Paz-Yaacov et al. 2010).

Similar studies have been used to compare Alu insertion polymorplodoestér
ascertain linear relationships within a species. Such foransigsis has been performed
in both humans and non-humans alike (Garcia-Obreggon 2007, Li et al. 2009t Aing e
2007). These studies aid in understanding human migration patterns Aftntcafas
well as selective forces impacting human evolution at the genomic level.

One interesting effect Alu elements have had on primate genometiemois
through their influence on chromosome recombination and DNA damage r&paing
meiosis, homologous chromosomes align with each other, and entire genomic cagions
crossover to the other chromosome. This process of recombinatieryisnportant in
maintaining genotype diversity within a population. AluY elementewéiown to have
increased recombination rates in areas immediately surrouttidingu loci. The levels
observed were consistent with other recognized recombination hotspsenfpm the
genome (Witherspoon et al. 2009). Alu directed gene rearrangearenisplicated in
gene deletion/insertion events in primates that can accelgeteme divergences
between species (Han et al. 2007). Alu-directed gene reamamgs have been
implicated as a cause of Hunter’s disease and von Hippel-Lindaasdi¢€asarin et al.
2006, Ricci et al. 2003). This indicates the potential consequencAtu alirected
insertion/deletion events that can occur during recombination. In additi
insertion/deletion events may arise as a consequence of DNA daewage Alu
elements and L1 repetitive elements have both been implicatecedimtmg double
strand break repair through a retrotransposition like process (Walldc2@t® Srikanta
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et al. 2008, Srikanta 2009). This process is a further source of Aluateetdi
insertion/deletion events in the genome. These processes rearesgmdr mechanism
for repetitive element retrotransposition (Suzuki et al. 2009).

Alu elements have played a significant role in role in shapinguhgan genome.
However, their impact is not limited to their role in shaping genostiucture. Alu
elements can impact gene expressioaisrat both the genomic and RNA levels, and can
regulate gene expressiontmans as functional non-coding RNA molecules. Embedded
Alu elements have been shown to be major targets of A-to-1 Bélithg. However, A-
to-l RNA editing has not been demonstrated in transcriptiorsdtive Alu elements.
This dissertation shows that transcriptionally active Alu elesneah undergo A-to-I
RNA editing. By understanding Alu retrotransposition and Alu famctthe potential
impact A-to-I RNA editing has on these processes can be better understood.
Regulation of Alu Expression

Alu elements can be transcribed by two distinct mechanisiige first is as
embedded Alu elements present within a larger transcript. Anconexample of this is
MRNA, which often contain Alu elements within their UTR’s, blsbaexpress exonized
Alu elements within the open reading frame (Sela et al. 2007)ch $enes are
transcribed by RNA Pol Il. The other mechanism of Alu expoesis via RNA Pol lli
(Dieci et al. 2007). RNA Pol Il is responsible for expressiomaf-protein coding
genes such as tRNA, the U6 RNA of the spliceosome, and the 7SLdRi®% signal
recognition particle (SRP). Alu elements expressed in suchyawme termed transcribed

Alu elements, or transcriptionally active Alu elements (Li andnsid 2001). Since Alu
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elements have A-box and B-box promoter elements they are iddsas$f Class Il genes
when expressed by RNA Pol Ill (Dieci et al. 2007).

Transcribed Alu elements are distinguished from embedded Aliestsmat the
RNA level based on a number of characteristics. Chief amongdheske transcription
start and termination sites. In transcriptionally active Aemants, transcription begins
immediately at the 5’ end of the Alu sequence. This is in centcaembedded Alu
elements, which can have 5’ flanking sequences that can bd tatke transcription
start site of the host gene, potentially located kilobases away.

Transcribed Alu elements also contain 3’ flanking sequencesle \&hilanking
sequences cannot be used to differentiate transcriptionally achiveel@dments from
embedded Alu elements, the mechanism of termination can. RNA &adl IRNA Pol
[l employ different mechanisms of transcription termination. ARRbI Il recognizes a
specific termination sequence encoded as four consecutive deoxythynmdmasimals,
5 in lower eukaryotes (Chu et al. 1995, Matsuzaki et al. 1994). On the hathdr
termination during transcription by RNA Pol Il is poorly understandeukaryotic
systems. Rather than relying on a specific consensus teionirgte, RNA Pol I
termination is more processing dependent. For example, full lemgtdA transcripts
contain poly-adenylation signals encoded as AAUAAA, though thisiesesp alone is
insufficient to induce transcription termination. This is supportedhleypresence of
multiple poly-adenylation signals within some genes (Lee et al.)200&erestingly,
transposable elements have been shown to contain such poly-adenylgtials s

(Borodulina and Kramerov 2008). These signals were shown to be active in B2 elements,
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a rodent specific SINE family related to Alu elements. Weéetthey are active in
transcribed Alu elements is yet to be shown.

Expression of transcriptionally active Alu elements begins wigh binding of
RNA Pol Il specific transcription factors TFIIIC at both the A-box antddX promoters.
TFIIC recruits a second transcription factor, TFIIIB to tegion near the transcription
start site (Ishiguro et al. 2002). TFIIIB is a multimer coisgnt of three subunits:
TATA-binding protein, Brfl, and Bdpl. Following TFIIIB binding to DNAFMIC is
released, and RNA Pol lll is recruited. The RNA Pol Il cermyme interacts with
TFIIB via an associated subunit complex comprised of three prot®REL3/6/7
(Kenneth et al. 2008). The association between TFIIIB and RPC3/@&/&cessary for
RNA Pol Il directed transcription initiation, but is not required fmanscription
elongation. Transcription continues until reaching an RNA Pol Il terminatien si

RNA Pol Il transcription termination occurs at specific siencoded as four
consecutive thymines and is mediated by the transcriptionration factor La (Goodier
and Maraia 1998, Maraia et al. 1994). However, transcription terminatimnency
varies between different genes and is dependent on othesfaatside of the consensus
termination sequence (Chu et al. 1995). Short palindromic sequencesampsfréhe
termination site as well as G/C nucleotides immediatehkitay the termination site can
improve termination efficiency (Chu et al. 1995, Chu et al. 1997, Gunnery et al. 1999).

It is important to note that the RNA Pol Ill termination sequence is not nebessa
located immediately adjacent to the end of the 3’ poly-A regibime intervening space
between the end of the Alu transcript and the termination siéeas, but not always,
unique genetic sequence. This unique sequence can be used to annotate liddwvidua
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transcripts to a specific region of the genome. This 3’ uniggeesee can also harbor
other functional RNA molecules. Prominent examples are miRNAchwican be
processed into fully functional miRNA derived from transcriptionadigtive Alu
elements (Borchert et al. 2006, Gu et al. 2009).

Transcriptionally active Alu elements can be regulated agémemic level by
multiple factors. First, Alu elements contain high CpG content. s@h€pG
dinucleotides can be methylated, resulting in localized reductioAlu transcription
(Kochanek et al. 1995, Liu et al. 1994, Muiznieks and Doerfler 1994). Exgumesbi
transcriptionally active Alu elements is typically repressetiealthy tissue. However,
Alu expression increases following various kinds of cell streskjdimg viral infection,
heat shock, and exposure to DNA damaging reagents (Li and Schmid 20G, dliu
1995, Panning and Smiley 1995, Rudin and Thompson 2001). Alu RNA interacts with
RNA Pol Il during cell stress to repress transcriptiotrams (Mariner et al. 2008). CpG
methylation and Alu RNA functional activity will be discussedgneater detail in later
sections.

Alu expression is regulated post transcriptionally via seveatidderent
mechanisms. One of the more prominent mechanisms is via regulatigriwi-
interacting RNA (piRNA). piRNA are short RNA molecules thatd to complementary
sequences and regulate expression using a mechanism simil&Né&mA recent study
found that older Alu elements have larger numbers of piRNAs thatonidyeir specific
sequence. This indicates positive selection for piRNA as a mischaf regulating Alu

expression (Lukic and Chen 2011).
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Transcriptionally active Alu elements are also be regulayeDICER1 (Kaneko
et al. 2011). Geographic atrophy, an age related degenerativeediseass via retinal
pigmented epithelium (RPE) cell degeneration. This degenerationacur due to both
a loss of DICER1 and increased abundance of Alu transcripts. dithyheRPE,
knockdown of DICER1, but not other enzymes involved in miRNA processing and
activity, resulted in an increase in Alu RNA and onset of RPEdegleneration. This
indicated that Alu transcripts are regulated by DICER1 imi&NA-independent
mechanism, and that loss of Alu regulation may promote disease onset.

Transcribed Alu elements can also undergo post-transcriptionalication. A
key post-transcriptional modification results in the formation oflgcfShaikh et al.
1997). scAlu transcripts are comprised of only the left arnm@fAlu element, but are
generated from full length Alu transcripts via 3’-end processinthe central-A track.
scAlu elements are important due to their ability to assowaititethe SRP9/14 subunit of
the SRP (Hasler and Strub 2006). This scAlu/SRP9/14 complex inkiéitslation
initiation. They also associate with RNA Pol Il during hdaick (Mariner et al. 2008).
Finally, increased processing of younger Alu elements intousoélative to older Alu
elements is implicated as a potential retrotransposition regulatechanism (Sarrowa et
al. 1997).

Alu Retrotransposition OccursViathe L1 Reverse Transcriptase

Alu elements retrotranspose via an RNA intermediate transichiip&kNA Pol I
(figure 1.5).The estimated frequency of inherited Alu retroprasision is once every 20
generations (Cordaux et al. 2006). Alu elements retrotransposemeglenism called
target-primed reverse transcription (TPRT). TPRT uses ¢hergic insertion site as a
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primer for reverse transcription. In this mechanism, reversasdription and
retrotransposition occur simultaneously. Alu retrotransposition is depeiate key
structures in the Alu element as well as the L1 repetiélement and is regulated by a
myriad array of mechanisms.

Alu elements do not encode their own retrotransposition machinesteat, they
rely on L1 for their own expansion in the genome. L1 elements angers of the long
interspersed element (LINE) family of transposons. L1 elenastsilso protein coding
genes, encoding an mRNA with two open reading frames, ORF1 an@, QRiich
produce proteins ORF1p and ORF2p (Alisch et al. 2006). Each ORF is highly conserved,
and are functionally interchangeable with homologs from other spewsithout
significantly impacting retrotransposition (Feng et al. 1996, Janustykl. 2007,
Wagstaff et al. 2011, Weichenrieder et al. 2004). ORF1p encodes AnbiRNing
protein with RNA chaperone activity dependent on a coiled-coil dof@ahahan et al.
2011, Janusyzk et al. 2007). While ORF1p is required for L1 retrotratieppdiis not
necessary for Alu retrotransposition, though its presence does erthangge of Alu
retrotransposition (Kroutter et al. 2009, Martin et al. 2005, Wallacd. @008). ORF2
encodes both an endonuclease and a reverse transcriptase, ansef byfficient for
Alu retrotransposition (Feng et al. 1996, Mathias et al. 1991). Though GRF& a
strong preference for binding its own RNA, poly-adenylated RNAemdés, both
coding and non-coding, can replace the bound L1 mRNA via a tenmplatehing
mechanism (Esnault et al. 2000, Kroutter et al. 2009, Kulpa and Moran 2@0%t \Al.

2001). This helps facilitate retrotransposition of the newly bound RNA transcript.
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Alu retrotransposition via L1 mediated TPRT begins with Alu trapson by
RNA Pol lll. Alu transcripts are then exported to the cytoplagmare they interact with
the SRP9/14 subunit of the SRP (Andrews and Kole 1987, Hsu et al. 1995boukd
SRP9/14 can associate with the ribosome. Though the mechanism iwllpot
understood, this is believed to be important in aiding Alu transcript recruitm@RE2p
following translation of the L1 protein. Typically, ORF2p preferaitibinds its own
encoding mRNA (Kulpa and Moran 2006, Wei et al. 2001). However, Alu elsment
replace the L1 mRNA via a template switching mechanism invglthe Alu poly-A tail
forming a new Alu RNP complex with ORF2p. Though not required, ORF1@lsan
associate with this RNP. The RNP is then imported into theeuasicl TPRT is initiated
by the endonuclease activity of ORF2p opening the DNA strand inc@ahgensus
sequence TTAAAA (Feng et al. 1996). These A/T rich regions pnieerse
transcription in the Alu poly-A tail, which proceeds in 3’ to 5’ direct(Kroutter et al.
2009). It is unclear whether the opposite DNA strand is cut beflom@ng or after
retrotransposition. In any case, the use of genomic DNA sequeacgriaser results in
target site duplications at the 5’ and 3’ ends of the newly retrotransposed mknéldue
to the presence of overhanging ends formed during endonuclease cleadageeanse
transcription priming (Kojima 2010).

The A-box and B-box promoter elements are RNA Pol Il specifoenpter
elements located within the left arm of the Alu element. pitoeess of Alu element
expansion is such that the promoter elements remain intact folloetrajransposition.
However, not all Alu elements have maintained functional promoterger tine, the
promoters of many Alu elements, especially from the AluJAln& families, have lost

35



functionality due to accumulation of mutations (Comeaux et al. 2009). lifvhts the
number of Alu elements that are able to retrotranspose to thdsenwetct, functional
promoter elements.

Development of a marked-Alu expression vector greatly expandedroh into
structural features necessary for Alu retrotransposition deweux et al. 2003). These
marked Alu elements can be tracked in the genome and also provide neomycin ggsistanc
enabling quantitative measurement of Alu retrotransposition rateso Skmctures
investigated were the length and heterogeneity of the Alu pagHAComeaux et al.
2009). A minimum length of 20 uninterrupted adenosines was shown to berditoive
for retrotransposition using the marked Alu system. Longer sé®iwhuninterrupted A-
tail length did not show a difference in retrotransposition ratesveMer, an interruption
of just a single non-adenosine nucleotide within the A-tail wafcerft to significantly
reduce retrotransposition rates. The importance of the poly-Aldadgth in Alu
retrotransposition is supported by genomic analysis that revéladéédhe average poly-A
tail length of AluJ and AluS family elements have a shorteaimaistribution compared
to the AluY family (Roy-Engel et al. 2006). In addition, newly ntes@ disease causing
Alu elements have poly-A tail length distributions larger than 40 otidies, with a
mean length of 77 nucleotides. This study indicates that the nuofibeaster Alu
elements responsible for retrotransposition is limited to Alu efgsnwith intact poly-A
tails of specific minimal length.

Regions flanking the poly-A tail also influence retrotranspostiaes (Comeaux
et al. 2009). Random mutations in the Alu right arm reduce retrotrangppsdicating
the right arm is involved in helping to facilitate retrotranspositi The Alu right arm has
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previously been shown to be involved in formation of the Alu/SRP9/14 complex,
highlighting the role that SRP9/14 plays in Alu retrotranspositioasigt and Strub
2006). In addition, the 3’ flanking sequence reduced Alu retrotranspositia length
dependent manner. This indicates that longer 3’ flanking regionseittey inhibit the
interaction between Alu elements and L1 reverse transcriptasehibit the insertion
mechanism.

Alu elements are thought to have gone through altering periods lofahidy low
retrotransposition rates (Han et al. 2005, Kim et al. 2004). One propestémsm for
the changes in retrotransposition rates is the coevolution of both the Alu sequert and t
SRP9/14 subunit of the SRP (Liu et al. 1994, Sarrowa et al. 1997). |dhemts
retrotranspose via an RNA Pol Il transcribed Alu RNA (Beneettl. 2008, Sarrowa et
al. 1997). Though not precisely understood, the SRP9/14 is thought to rearuit Al
transcripts to the L1 retrotransposition machinery. The human SRBGWL4it binds
Alu elements more efficiently than mouse SRP9/14 (Bovia et al. 199ZJoser
inspection of Alu right arm binding specificity revealed that SRB preferentially
bound AluSx > AluY > AluYa5. Reasons for this type of prefereneesvattributed to
changes in the Alu right arm in younger Alu elements causisigfain Alu secondary
structure that is less favored for SRP9/14 binding. In addition kdefudth Alu RNA,
the SRP9/14 has been shown to bind small cytoplasmic Alu (scAlu) BhoRmay help
promote the processing of Alu RNA into scAlu RNA (Aleman et2800, Batzer et al.
1996, Bovia et al. 1995, Bovia et al. 1997, Esnault et al. 2000, Hasler aihd2806,
Hsu et al. 1995, Liu et al. 1994). Transfection of AluYa5 resuhecktlatively high
processing of AluYa5 elements into scAlu elements as comparatl®x and AluY,
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each of which produced little to no scAlu. This is supported bgareb showing that
younger Alu elements are more highly processed into scAlu €Lial. 1994). This
indicates that Alu retrotransposition may be partly limitedtiy reduced ability of
retrotransposably active Alu elements to interact with SRP9dLpled with an increase
in processing of Alu RNA in scAlu RNA.

Both L1 and Alu retrotransposition is inhibited by the APOBEC3 faroil
proteins (Bogerd et al. 2006, Chiu et al. 2006). APOBEC3 genes arbemsenf the
cytidine deaminase family. APOBEC3 proteins are single stdhridNA binding
proteins that can catalyze C-to-U RNA editing via a deantinagaction. These genes
have previously been shown to play a key role in the innate immumpensss
APOBEC3 enzymes can also influence Alu retrotransposition by binthngnd
sequestering Alu RNA away from L1 reverse transcriptases fHgulatory mechanism
behaves independent of C-to-U editing. Interestingly, some of B@B&£C3 enzymes
are expressed during early stages of embryo development, ingieatadapted role for
these enzymes in regulating retrotransposition.

Though Alu elements and L1 elements both retrotranspose using tlee sam
machinery, there are differences in terms of integration sieetoon. An investigation
of G/C content within a 50 bp window of the insertion site displayddaa for L1
insertion into A/T rich sites, but a bias for G/C rich sifes Alu insertion. This
preference was lost when the size of the genomic window was expent®ger sizes
(Gasior et al. 2006). Comparison of insertion preference intontegrregions showed
no preference for L1 content, but Alu content was significanthetosompared to non-
imprinted regions (Greally 2002). Similarly, Alu elements weetined in regions
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flanking housekeeping genes but not in genes expressed in a tisstie spner (Eller
et al. 2007, Grover et al. 2003). This indicates an inhibitory teftec Alu
retrotransposition by heterochromatin, a type of high density DNAagatg that is
associated with low levels of gene expression.

A majority of new Alu retrotranspositions are considered to haveewral
evolutionary impact (Cordaux et al. 2006). However, insertion sieetsaty indicates a
potential impact on gene expression. Alu elements are eniicleettogenes compared
to tumor suppressor genes, suggesting a role in cancer onset &relin@011). Also,
development of high throughput methods to track Alu insertions revealed 13,692
polymorphic Alu insertions in the human brain (Baillie et al. 2011). Trdgates that
retrotransposition may provide a mechanism of increasing Altecelgene regulatory
mechanisms during somatic tissue development.

Though retrotransposition rates in somatic cells may differaellatype specific
manner, inherited Alu retrotranspositions must occur in either humdmyenic stem
cells (hESCs) or germ line cells. Indirect evidence of Atvoteansposition has been
observed in hESCs (Macia et al. 2011). First, Alu element expneass found to be
enriched in the AluY family. Second, Alu elements expressdtE3Cs were subcloned
into the marked Alu expression vector and were assayed for regpdsition activity.
The AluY subfamily was shown to be retrotranspositionally competehEBSCs. This
study, however, did not identify newly inserted Alu elements derix@u £ndogenous
Alu transcripts.

Evidence for retrotransposition in human germ line cells is evar iiteeting.
L1 elements have been shown to be retrotranspositionally activey doeiosis in a case
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study (Brouha et al. 2002). In addition, L1 is expressed in humanesoeyid is
retrotranspositionally active in germ line cells and embryom ftransgenic mouse and
rat models (Georgiou et al. 2009, Kano et al. 2009). Similar studies novieeen
performed concerning Alu retrotransposition. However, Alu elements ar
hypomethylated in human male germ line cells, indicating anaserklikelihood of Alu
expression (Hellmann-Blumberg et al. 1993, Kim et al. 2007).
Alu Elements Regulate Gene Expression at the Genomic Level in Cis

Alu elements can impact gene expressionisrand intrans at both the genomic
and RNA levels. Cis regulation of gene expression is accomplished by Alu elements
through epigenetic regulation and expansion of promoter binding sité® igenome.
These influences have been selected for since Alu elementniacbed in promoter
regions (Grover et al. 2003, Polak and Domany 2006, Tsirigos and Rigoutsos 2009)
Epigenetic regulation is the regulation of gene expression througtnéi®r DNA
modifications that can influence DNA packaging and gene expres#ilu elements can
influence nucleosome position and are sites for CpG dinucleotideg/latéih (Bettecken
et al. 2011, Rodriguez et al. 2007, Tanaka et al. 2010).

Nucleosomes are DNA packing units comprised of 146-147 bp of DNA wound
around a histone octamer (Lugar et al. 1997). Neighboring nuclessmmeeparated
by linker DNA that can vary in length, and are further wound ar@awth other to create
a tightly packaged chromatin structure. Chromatin can be Hedcin two broad
packaging types. Euchromatin is a loose packing associated atith gene regions,
and is characterized by unmethylated DNA and specific coribirsaof histone mono-
methylation and histone acetylation. Heterochromatin is tighthigkaged DNA
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associated with low gene expression, key chromosome structurargte such as the
centromere or telomere, and imprinted gene regions. Heterochramatost typically
marked by DNA methylation at CpG dinucleotides and deacylatedetlayhated
histones.

Nucleosome positioning is influenced by Alu elements. Though nuctessare
relatively evenly distributed along the chromosome, they do showeseg specific
positional preference along the DNA helix. Nucleosome mappipginmates displayed
enriched associations with the Alu left arm and enriched, tholightlg lower,
associations with the Alu right arm (Tanaka et al. 2010). In addith unexpressed
genes, nucleosome positioning to Alu elements was significanttyehtgan to non-Alu
sequences. This nucleosome positioning is mediated by the high predeGq&s
dinucleotides located within Alu elements (Bettecken et al. 20CPG dinucleotides
were shown to be strongly preferred nucleosome positioning sites.

DNA methylation is an enzymatically catalyzed epigenetgulatory process that
is impacted by Alu elements (Muiznieks and Doerfler 1994). DNAhiylation occurs at
CpG dinucleotides present within CpG islands and results in dedreapeession of
nearby genes. CpG islands are regions of CpG rich sequenaathbe kilobases in
length. Due to their high CpG content, Alu elements often constitutei€@als (Cho
et al. 2007, Kang et al. 2006). Interestingly, older Alu elemergsnasre highly
methylated than younger Alu elements, suggesting a functionalaidapfor older Alu
elements (Rodriguez et al. 2007). Investigations of Alu methylaatterns show tissue
specific methylation patterns, and a dynamic process of ditfate methylation
throughout development (Hellmann-Blumberg et al. 1993, Kim et al. 1994, Ruhin
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1994, Xie et al. 2011). Furthermore, aberrant Alu methylation pattbave been
displayed in multiple types of cancer (Cho et al. 2007, Gao et al. 208iZigRez et al.
2007, Wang et al. 2011, Xie et al. 2010).

In addition to epigenetic regulation, Alu elements can impact g&gpeession
through their ability to distribute transcription factor binding sitesughout the genome
(Polak and Domany 2006). Alu elements contain many transcriptitor taiading sites
for both RNA Pol Il and RNA Pol 1l (Bolotin et al. 2011, Komiyama at 2010,
Laperriere et al. 2007, Polak and Domany 2006, Zhou et al. 2002). limigisesd loss
in expression by RNA Pol lll is correlated with a gain inARRol Il transcription factor
binding sites (Shankar et al. 2004). Alu retrotransposition has fegyested as a
significant means of expanding RNA Pol Il regulatory siteshin genome (Polak and
Domany 2006, Shankar et al. 2004).

One interesting Alu associated transcription factor bindingisiter the heat
shock protein HSF (Pandey et al. 2011). Genes that are diffdyeakpressed during
heat shock were enriched in their promoter and UTR regions forléheats containing
HSF binding sites. Expression of these genes increases followihghuwzk, and is
dependent on the conservation of the HSF binding site. In addition, genes dow
regulated during heat shock contain transcriptionally active klments in their 5’ end
that are in the antisense orientation relative to the direatfoexpression of the
downregulated gene. These antisense oriented Alu elements hdrlgbr amount of
HSF binding sites that promote Alu transcription by RNA Pofdllowing heat shock.

Expression of these Alu elements following heat shock results idava-regulation of
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the host gene. Though it is unknown precisely how this mechanism works,
transcriptional interference and RNAIi have been hypothesized as possthignsens.

One thing that must be discussed is the relationship between Alu
retrotransposition and gene expression. Alu elements are enrichednioter regions of
housekeeping genes (Grover et al. 2003, Tsirigos and Rigoutsos 2009, Urrakia e
2008). However, housekeeping genes are defined as being broadly ekjnessest
tissues since they are often necessary for normal cell dmnctiranscription of these
genes is not regulated by CpG methylation. Rather, lack @& Digthylation in these
genes is hypothesized to help promote Alu retrotransposition to tegsens by
maintaining DNA in an euchromatin state (Urrutia et al. 2008).

Embedded Alu elements Regulate mRNA In Cis

Embedded Alu elements can significantly impact post-transonigiti gene
expression. The influence of A-to-I RNA editing in medhgtialternative splicing and
nuclear retention in genes containing inverted Alu repeats haglplieeen discussed,
and so will not be detailed here. Editing independent mechanisgenefregulation are
also prevalent and include alternative splicing, alternative adénylation, and RNA
degradation (Amit et al. 2007, Borchert et al. 2009, Chen et al. 2008, @drigaquat
2011, Lee et al. 2008, Lev-Maor et al. 2003, Lin et al. 2008, Sela et al. 206&%e
processes are highlighted by Alu insertion polymorphisms thailtréis disease
phenotypes (Apoil et al. 2007, Eller et al. 2007, Ganguly et al. 2003t@u 2007,
Mustajoki et al. 1999, Tighe et al. 2002). The combination of thesgibns and high
presence of embedded Alu elements in protein coding geneg @eease for Alu
elements having a dramatic impact on expanding protein coding potential.

43



Alu exonization can arise by a number of different mechanisifise most
significant is through A-to-I RNA editing which can generate splice sites. However,
other mechanisms such as point mutations can also result in Alzattonicapabilities
(Amit et al. 2007, Lev-Maor et al. 2003). Though Alu exons can be itansly
spliced, the prevalence of alternatively spliced Alu exons is mpieealent (Lin et al.
2008, Sela et al. 2007). Interestingly, older AluJ elements displaigher exon
inclusion levels than the AluS family elements even though thé family is present in
a lower copy number within the human genome (Lin et al. 2008). Thrsatedithat the
extended presence of AluJ in the primate genome has allowed fatieraty adaptation
to their presence. This is supported by the presence of keystsjcguch as splice site
enhancers, that are present in highly exonized Alu elements (Szbavedral. 2009).
Unsurprisingly, Alu exonization is differentially regulated in erfént tissues and is
associated with cancer phenotypes (Amit et al. 2007, Lin et al. 2008).

Exonized Alu elements may impart limited functionality to resgltproteins.
Alu exons are both more prevalent and have higher inclusion levels in 3’ ahORs
relative to translated regions (Sela et al. 2007, Shen et al..28di1 plements also have
low coding probabilities based on bioinformatics screens, and to daenbadentified
protein coding function attributed to their sequence (Piriyaportgsia 2007, Shen et al.
2011).

However, Alu exons can significantly impact protein function throudterot
mechanisms. A bioinformatics screen indicated alternativeisgliof Alu elements
often results in either a frame shift (24%) or a premature cdpn (61%) (Sela et al.
2007). In a case study of a Finnish family with hereditary aciéemittent porphyria,
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an Alu insertion polymorphism was responsible for the presence oftigersse oriented
AluYa5 in exon 5 of porphobilinogen deaminase (PBGD). This Alu insertiested a
premature stop codon and resulted in an almost complete loss oD PBRINA
(Mustajoki et al. 1999). One possible explanation for the mRNA depl&inonsense
mediated decay (NMD), a mechanism that specifically targgRNA molecules that
undergo premature translation termination (Maquat 2005). This mechaméy be at
work in additional examples. An Alu exon in the 5’UTR in NOSIP aNgF&1 resulted
in reduced translation efficiency, while an Alu exon in the 5’UTRZNF808 increased
translation efficiency (Shen et al. 2011). Also, in a case stiudyunodeficiency
syndrome with high-IgM was caused by an Alu retrotranspositiononi¥rf CD40LG
that resulted in the complete loss of translation (Apoil et al. 2007).

Intronically located Alu elements can also influence the isgiof non-Alu
exons. Alu elements can harbor splice silencers (Schwarlz 2009). Case studies
have revealed several diseases that are caused by a newatyamsposed Alu element
into an intron resulting in the exclusion of a constitutively spgli@xon located
downstream (Eller et al. 2007, Ganguly et al. 2003, Gu et al. 2007, Tighe et al. 2002).

Embedded Alu elements located in the 3'UTR can also impact tiatosoe
diversity due to the presence of alternate poly-adenylatiamlsig Poly-adenylation
signals are encoded as AATAAA. This motif is common in Alanents in three
locations: the 3’ end of the left arm, the central-A track, angthgA tail (Chen et al.
2008). Each of these signals can function as alternate poly-adenmydaés. In addition,
3'UTRs can harbor multiple Alu elements, further increadingir impact on poly-
adenylation (Chen and Carmichael 2008, Sela et al. 2007). Howevena@t@oly-
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adenylation sites within Alu elements are selected agains¢ shese signals are less
conserved as their distance away from the 3’ end within the¥’ld€reases (Lee et al.
2008).

Embedded Alu elements can also be responsible for reduction in mRNA transcript
levels. One mechanism is through Alu directed miRNA regquigtBorchert et al. 2009,
Lehnert et al. 2009, Smalheiser and Torvik 2006). Alu directed miRAgettthe most
conserved regions of Alu elements. Interestingly, a primateifgpd00 kb region
located in chromosome 19 (C19MC), is home to 43 pri-miRNA, most ofwiage seed
sequences that map to Alu elements (Lehnert et al. 2009). C19Bi§bienriched for
the presence of Alu elements. The high number of miRNAs andeklments are
believed to have co-evolved via repeated Alu mediated gene dupliced¢iots €Zhang et
al. 2008). Another note of interest is that some of these miRNAsexqressed by RNA
Pol Il via Alu elements located upstream (Borchert et al. 2006).

A second mechanism of Alu directed regulation is by base pabeigeen
embedded Alu sequences and Alu derived IncRNA. These IncRNAs inteithc
embedded Alu elements located in the 3'UTR of mRNA, forming an RNRNA
duplex. This duplex binds to the dsRNA binding protein Staufenl, whichtdsesl
MRNA decay (Gong and Maquat 2011).

Though Staufenl has only been shown to target RNA/INCRNA duplexdsitimat
in 3UTRs, a similar IncRNA dependent mechanism may fatditdown regulation of
MRNA transcript levels when Alu elements are present in irdrand exonic regions
located upstream of the 3'UTR. As already discussed, heat shaiok fSF is involved
in expressing a INcCRNA derived from an antisense oriented Ahiegiepresent in a gene
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that is down regulated following cell stress. The IncRNAesponsible for reduction in
expression of the host gene (Pandey et al. 2011). In a 2007 studgndifein mRNA
transcript levels were investigated for genes heterozygous 8peeific intronically
located AluY element. AluY insertions were found to correlatdh wower levels of
primary mRNA transcripts, though this was found to be tissue depefigdreidev et al.
2007). This mechanism may be fairly common as 87% of alternatspiged Alu
elements are in the antisense orientation relative to thetidimeof transcription of the
surrounding gene (Sela et al. 2007). This may allow for IncRNA defrosal these
specific Alu elements to specifically target their embedded antisemseriga.

Alu Elements Regulate Gene Expression in Trans

IncRNAs are long-noncoding RNA molecules greater than 200 nengtH that
have a wide range of functions. These functions include but are nedito X
chromosome inactivation, imprinting, epigenetic reprogramming, andr dthes
mediated functions (Cabili et al. 2011, Chen and Carmichael 2008, Loewer 2010).
Transcriptionally active Alu elements express Alu RNA molectiat display cell stress
response-like behavior, regulating both transcription and translatidnams  An
important note is that Alu expression can increase followingwariypes of cell stress
(Li and Schmid 2001, Liu et al. 1995, Panning and Smiley 1995, Rudin and Thompson
2001).

Alu RNA was shown to inhibit transcription during heat shock by aaténg
directly with RNA Pol Il (Mariner et al. 2008). This transcigpt inhibition was rescued
by treatment with antisense Alu RNA, which knocked down Alu trapisdevels.
Interestingly, this transcription repression was not universalranscription of
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housekeeping genes, but not an 18S rRNA control, decreased while hspZfiptians

increased. Alu RNA can simultaneously associate with up to tA Rol 1| complexes

at promoter regions of genes that are transcriptionally regaiefollowing heat shock.
Both the Alu left and right arms were shown to be able to sepaestociate with RNA
Pol II. Additionally, scAlu, the processed left arm of Alu RNAn @so associate with
RNA Pol Il. However, only the Alu right arm, and not the Alu lefhaor scAlu, could

repress transcription by RNA Pol Il. This is due to the pmserf a structurally
conserved repression domain in the 3’ end of the right arm thatestdiosm both the
Alu left arm and scAlu. Alu elements bind to RNA Pol Il pretatibn complexes and
repress transcription initiation.

Like Alu elements, the murine specific transposable elemens Bilso derived
from the 7SL RNA. B1 elements share secondary structure bggnualith the Alu left
arm and were shown to interact with RNA Pol Il in a fashiomlar to both the Alu left
arm and scAlu (Mariner et al. 2008). TFIIF facilitated thealiggtion of B1 and scAlu
from RNA Pol Il (Wagner et al. 2010). This function was inhibibgdintroducing the
repression domain from the Alu right arm into the B1 elementsrgdditranscriptional
repression. In addition, B1 elements repressed transcription, butnotilg absence of
TFIIF.  Transcription factors may modulate the Alu/RNA Pahteraction at some but
not all promoter regions following heat shock.

Alu elements also play a role in regulating translation. Thisupported by a
study showing increased reporter gene expression due to an ensredsi expression.
The Alu right arm was shown to be responsible for this process (Raibah 2002).
Though Alu RNA displayed a positive influence on translation, Alu boundRi®9&1 4
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subunit of the SRP had an inhibitory effect on translation initiationtro, though these
RNP molecules did not affect translation elongation (Hasler and $X006). This
SRP9/14 dependent inhibition was observed when bound to either scAlu ogiu ri
arm, indicating no preference for either Alu arm in SRP9/14 depenegulation. In
addition, polysome profiles revealed a decrease in the level ofosomes and
polysomes present on a reporter transcript upon addition of Alu/SRP9/14, inatease
upon addition of only Alu RNA. This supports the variation in trarctati levels in the
presence of Alu RNA and Alu/SRP9/14. Interestingly, it is the ddmain of the SRP
that is involved in delaying translation elongation following translonatignal sequence
recognition by SRP54 (Huck et al. 2004, Wild et al. 2004).
Conclusion

A-to-1 RNA editing is highly prevalent in Alu repetitiveeshents embedded in
protein coding genes expressed by RNA Pol Il. However Admehts can also be
expressed by RNA Pol Il through their own internally locgbedmoters. Neither this
group of transcriptionally active Alu elements nor RNA Poltiéinscripts, in general,
have previously been shown to undergo ADAR catalyzed A-to-1 RNA editing.

The following dissertation seeks to understand the relationship etivée-I
RNA editing and transcriptionally active Alu elements. The folhgythree chapters
describe the endeavor taken to demonstrate A-to-I RNA editidguirRNA expressed
by RNA Pol Ill. Using a known editing target, the R/G sitenf GIuR-B, expressed
under an RNA Pol Il promoter, RNA Pol Ill transcripts are shdwrundergo A-to-I
RNA editing by ADAR. This also demonstrates that A-to-l RMditing can occur
independent of the RNA Pol Il CTD, a region highly involved in regulatamgi
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coordinating post-transcriptional RNA modification. Using a similaategy, inverted
Alu repeats, but not single Alu elements, expressed by RNAIRoklshown to undergo
promiscuous A-to-I RNA editing. In addition, editing in these trapscis revealed to
be dependent on the formation of dsSRNA between inverted Alu pairs.lyf-amain vivo
investigation of A-to-I RNA editing in transcriptionally activeluAelements shows
evidence of basal level editing in human brain tissue.

The closing chapter discusses the potential significance thatl Adding in
transcriptionally active Alu elements could have on human evolution, Alu
retrotransposition, and the different functional properties that Admehts have been
shown to have. This chapter concludes by detailing future expesintaatt could be
undertaken to expand our understanding of the impact of A-to-l RNAngdan

transcriptionally active Alu elements.
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Ad _ Intermediate
enosine Structure Inosine

Figure 1.1- A-to-l RNA editing reaction. The amine group attadbecarbon-6 in the
purine ring is targeted for deamination resulting in the preseheehydroxyl group.
This hydroxyl group imparts the base pairing characterisfigguanosine on the edited
nucleotide, causing inosine to be interpreted as guanosine by much o€lthar
machinery.

51



Vertebrate

ADARI -21?4 : I I - . Deaminase Domain I
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ADAR3 (& 8 @ | z0vABindingDomsin A
foseet R enriched Domain E:
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Adel B B D |
Ad2 (T |

Gommans et al. 2008

Figure 1.2 - A-to-l RNA Editing is Catalyzed by the ADARarkily of Enzymes.
Adenosine deaminases are conserved across metazoans. In gexershare two
functional domains, dsRNA binding domains near the N-terminus, and aticataly
deaminase domain near the C-terminus.
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Figure 1.3 — A-to-1 RNA editing occurs in dsRNA. Complementagions present
within the RNA transcript base pair with each other, creatindsRNA molecule.
Individual adenosines present within the dsRNA region are tardeteADAR for

deamination.
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Left Arm Right Arm

Termination
A-Box B-Box  Poly-A-Track Poly-A-Tail Sequence

gl BN B T

Figure 1.4 - The General Structure of an Alu Element. Almeids have two arms
separated by a central-A track. The left arm contains A-&uk B-Box RNA Pol lli
promoter elements. The Alu element ends in a poly-A tail at the 3’-end.
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RNA Pol I
DNA e
Transcription

RNA
Retrotranspose

DNA

Figure 1.5 — Alu Elements Retrotranspose Via an RNA Intermedidfbis RNA
intermediate is transcribed by RNA Pol Ill. Transcription cargs until reaching a
transcription termination site that can be located at varyirtgrties away from the Alu
3’-end. However, only the Alu element undergoes retrotransposition.
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Chapter 2
RNA Polymerase ||l Transcripts Are A-to-I RNA

Editing Targets
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Introduction

A-to-1 RNA editing is the conversion of adenosine to inosine via a haion
reaction performed by the ADAR family of enzymes. Thisigmificant in terms of gene
expression because inosine shares base-pairing charaxdenisi guanosine, and is thus
interpreted as guanosine by much of the cellular machinery. TingsaA-to-I RNA
editing to influence the coding sequence and alternative splicindRdfAs (Sommer et
al. 1991, Lev-Maor et al. 2007).

One example of an A-to-I RNA editing target is the R/Giegdisite in glutamate
receptor B (GluR-B) mRNA. This editing site is locatedha last codon of exon 13 and
forms a hairpin structure with a complementary region locateceoirately within intron
13 (Lomeli et al. 1994). Editing results in an arginine, R, toigécG, change in the
codon. Proteins with the edited amino acid display a reduced rgdowe in neurons
following membrane depolarization.

Co-transcriptional processing, including 5’ capping, alternatpkcisg, and
polyadenylation, are coordinated by a region of RNA Pol Il éeirnthe C-Terminal
Domain (CTD) (Buratowski 2009, Fong and Bentley 2000, Hirose and Okhuma 2007).
This region is composed of 52 heptad repeats that can undergo reversible phosphorylation
during transcription. The CTD can be roughly divided into two regioesed on
processes they are associated with. Heptads 1-25 are involtradsaription initiation
and the switch from initiation to elongation, while heptads 27-52 are viegoin
coordination of co-transcriptional RNA processing (Buratowski 2009, Fondantiey

2000).
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The CTD has previously been shown to be involved in coordinating ADAR2
directed A-to-I RNA editing with splicing (Bratt and Ohman 2003ureacikiene et al.
2006, Ryman et al. 2007, Schoft et al. 2007). Proper coordination of WS &
necessary since dsRNA structure necessary for editing cam leétdormed between
exonic and intronic regions (Bratt and Ohman 2003, Schoft et al. 2007).evioys
study investigating coordination of editing and splicing at the Rit& of GluR-B
indicated that the presence of the RNA Pol Il CTD does not affect editing wheplittee
site is inactive (Ryman et al. 2007). However, the CTD is nape$ar efficient editing
when splicing is enabled. That same study investigated cooattinati editing and
splicing in the Q/R editing site in GIuR-B. Whereas the Rd@irg site is located 2
nucleotides upstream of the end of exon 13, the Q/R site is locatedcerdrally within
exon 11 (Higuchi et al. 1993, Lomeli et al. 1994). The regions necelksatlgRNA
formation to allow editing at the Q/R site are more distaselyarated relative to the R/G
site. In this case the CTD increased editing by ADAR2 whkiewing an overall
enhancement of splicing dependent on editing at the Q/R site (Rynan2807). A
third study investigated a self-targeted editing site withinARR mRNA that leads to
creation of an alternatively spliced exon (Laurencikiene &(#l6). In this case, editing
and thus inclusion of the alternative exon behaves as a feedbackomyhibechanism
regulating ADAR?2 function. This study indicated that full CTD dele rather than a
partial CTD deletion, was necessary to significantly imphernative splicing. Together
these studies indicate that ADAR2 and the spliceosome can cofopsteared targets.

Also, CTD function becomes more important in ensuring that editinggescsplicing as
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the distance between editing complementary regions increasess amn exon/intron
junction.

RNA Pol lll is a polymerase responsible for expression of nonipraiading
housekeeping genes, such as tRNA, the U6 RNA of the spliceosome, at®ltRNA
of the signal recognition particle, among others (Dieci e2@07, Nikitina et al. 2011).
Promoter elements for RNA Pol Il can be located both upstredhe afanscription start
site and internally within the gene (Roy et al. 2000). This isoimtrast to RNA Pol I
promoter elements which are mostly located upstream of tinectiption start site
(Baumann et al. 2010). In addition, RNA Pol Il lacks a CTD-likeittre that is
present in RNA Pol Il (Nikitina et al. 2011). While RNA Poldknes undergo their own
set of post-transcriptional processes, such as nucleotide madificattRNA, they are
wholly different from those processes observed in transcripts egordy RNA Pol I
(Su and Randau 2011). To be clear, tRNA can undergo A-to-1 RNA editing by aR ADA
homolog called adenosine deaminase acting on tRNA, ADAT. Thisrenzgpecifically
targets tRNA for deamination.

To date, A-to-l RNA editing by ADAR has not been shown in RNA Pl
transcripts. Also, the role of the RNA Pol Il CTD in regulgtidDAR1 activity has not
been investigated. Here | use a known editing target, the REGnsGIuR-B, to
investigate the ability of RNA Pol Il transcripts to be edityy ADAR1 and ADAR2. |
also use RNA Pol Il CTD variants to study how the CTD e$féddAR1 editing. | show
that RNA Pol lll transcripts can be edited, and that editingieffcy in these transcripts
differs between ADAR1 and ADAR2. Also, the partial deletionRMA Pol Il CTD
increases A-to-1 RNA editing efficiency by ADAR1 but not ADAR2.
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Methods and M aterials
Plasmid Construction

The RNA Pol lll expression backbone, pBS-U6-Term, was built usBf @s a
base. The U6 promoter was amplified by PCR from human genomicu3i@y primers
U6-F and U6-R. These primers had a BamHI and Pstl réstrisites, respectively, that
were used to ligate the sequence into the vector. The termination sequeneeeavaked
by annealing together Terminator-F-Oligo and Terminator-R&Ilrhese were ligated
into the vector using Hindlll and Xhol restriction sites. The akthe U6 promoter and
an RNA Pol Il terminator for construction of RNA Pol Il gression vectors has
previously been described (Chu et al. 1995, Roy et al. 2000). To B&&®-RG, the
R/G editing site from GluR-B was amplified by PCR using prsnRG-F-Pstl and RG-
R-Hindlll. These contain Pstl and Hindlll restriction sites, respelsti which were used
to ligate the target sequence into the vector.

RNA Pol Il expression constructs, pCI-CMV-RG, used a pCl backboriee T
target sequence was amplified by PCR from pBS-U6-RG ysinters RG-F-EcoRI and
RPBS. The sequence was cleaved with EcoRI and Kpnl which was used for the ligation.

Plasmids pAT7RpbWT and pAT7Rpbl1-25 were kindly donated by David Bentley
from University of Colorado, Denver.

Cell Culture and Transfections

HelLa cells were grown to 50% confluence in 6 well plates owtlr media
containing minimal essential media, 10% fetal bovine serum, and nfimyaotic
solution. Cells were grown at normal growth conditions at 37° C with £&yand
88% humidity. Transfections were performed in 3.5 cm dishes using Sciperégent
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according to the manufacturer’s protocol. 1 ug of either pBS-G&GRpCI-CMV-RG
and 1ug of pEX-ADAR1, pEX-ADAR2 was used in each reaction. Cedle wcubated
for 3 hours at normal growth conditions following addition of the tratisieanixture.
Each well was then washed with PBS, then received 3 mL groadiiarand incubated at
normal growth conditions for 48 hours. Transfections using pAT7-RpbWT and-pA
Rpb1-25 were performed using a modified protocol with Superfegenta 1.25 ug
PAT7-RpbWT or pAT7-Rpb1-25 was used with 0.75 ug target sequence and 0.75 ug
ADAR expression vectors. 50% additional Superfect reagent wak wik each
transfection. All other steps were performed according to raatwrer’s protocol. Cells
were grown for 30 hours, then alpha-amanitin was added to growth mel&rag per
mL. Cells were then grown for 24-48 hours at normal growth conditions.
RNA Isolation and RT-PCR

RNA was isolated using TRIzol Reagent according to the manuéaistur
protocol. RNA was then treated with Turbo DNase in the presehé@NAsin and
incubated for 1 hour at 37°C to remove contaminating plasmid DNA. tiBesavere
stopped and purified by phenol-chloroform reactions followed by ethancbiation.
RNA purity was tested by PCR. DNase treatments were repeateceasargc

1 to 3 ug total RNA was reverse transcribed using Supersktipeverse
transcriptase with random hexamers according to the manuféetoretocol. PCR was
performed using Taq polymerase. For amplification of the R/G sequexpressed by
the U6 promoter, forward primer RG-F-Pstl was used. Sequenpesss&d by CMV

promoter were amplified using forward primer PCI-1D. T-&t&pnl was used as the
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reverse primer in all PCR amplifications. Reactions wetegrified and sequenced by
Sanger sequencing.
Statistical Evaluation

All transfections were, at minimum, performed in triplicate with each RRR-P
product sequenced three times. The averages and standard deviations of each
experimental condition were compared using Student’s T-Test with a pefgh€.05.
Results
ADAR Directed A-to-I RNA Editing Occursin RNA Pol |11 Transcripts

To determine if RNA Pol Il transcripts can undergo A-to-I RNditing, a
plasmid was developed to express a known editing target by RNAIPolrhe R/G
editing site and complementary editing sequence from GluR-B leasdtinto a pBS
vector downstream of a RNA Pol Il promoter (U6) and upstream dRMA Pol Il
termination site. This generates a dsRNA molecule 171 nt gthHewith a double
stranded hairpin 38 nt long (figure 2.1A). The R/G editing sequensedhm termination
sequence were then amplified by PCR and cloned into a pCl vector tdeaymnsof an
RNA Pol Il promoter (CMV) to be used as a positive control (figure 2.1B).

HeLa cells were transiently transfected with either theARPol I or RNA Pol Il
expression vector along with either a constitutively active ADARADAR?2 expression
vector, or in the presence of endogenous ADAR activity. RNA wakated using
TRIzol Reagent, purified with DNase and then amplified by RT-PCRanger
sequencing showed that the RNA Pol Il transcribed R/G editiegusiderwent A-to-I

RNA editing (figure 2.1C).
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A-to-I RNA editing of RNA Pol Il transcripts was signiéiatly higher (p=0.05)
when ADAR2 was overexpressed (50.4% +/- 3.4), in comparison to editing whe
ADAR1 was overexpressed (20.7% +/- 1.2) or in the presence of endogeDéls A
activity, (23.9% +/- 3.6). Editing of RNA Pol Il transcripts svaot significantly
different when ADAR1 was overexpressed, relative to editing untygenous ADAR
activity. This indicates A-to-I RNA editing at the R/Gesis catalyzed by ADARZ2, but
not ADAR1, when the editing target is transcribed by RNA Pol Ill.

The RNA Pol 1l expressed editing target was most effigreetited when
ADAR?2 was overexpressed (93.3% +/- 1.3) (figure 2.1D). This wasfisently higher
(p=0.05) than the amount of editing observed when ADAR1 was ovesseor€63.9%
+/- 2.2) or in the presence of endogenous ADAR activity (5.5% +/- 0.&d)ting by
ADAR1 was also statistically higher than editing in the presefcendogenous ADAR
activity.

Comparing editing efficiency based on promoter type showed additional
differences in editing when ADAR1 or ADAR2 was overexpressepirg 2.1E). The
editing target transcribed by RNA Pol Il was more efficigrtlited (p=0.05) than its
RNA Pol Ill counterpart when either ADAR1 or ADAR2 was overespesl. However,
editing in the presence of endogenous ADAR activity was significargher (p=0.05)
in RNA Pol 11l transcripts. This suggests that transientipsfected ADAR1 or ADAR2
genes are differentially regulated relative to endogenous ADAR enzymes

Transient transfection of HeLa cells with a known A-to-I RNditiag target

demonstrates that genes expressed by RNA Pol Il can und@&4®& Alirected A-to-I
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RNA editing. However, editing efficiency varies based on both the proitypieas well
as the type of ADAR being overexpressed.
ADAR Type but not Promoter Type Influences Target Expression

One possible explanation for why editing was higher when ADAR2 was
overexpressed compared to ADAR1 overexpression is due to differenegpression
levels of the target gene. ADAR1, but not ADAR2, overexpressismteviously been
shown to cause an increase in RNA levels of transiently traedfaeporter genes
(Gommans and Maas 2008). Higher expression of the editing tahget ADARL is
overexpressed would shift the substrate-to-enzyme ratio. Taiddwesult in the
observation of lower editing efficiency when ADARL1 is overexpr@sséative to when
ADAR?2 is overexpressed.

In order to determine if observed differences in A-to-I RNAiediwere due to
differences in the expression level of the target sequence, gRTWAS performed
(figure 2.1F). Expression levels relative to GAPDH were nbpead to target gene
expression by RNA Pol Il in the presence of overexpressedRDAEXxpression levels
were significantly lower (p=0.05) when ADAR1 was overexpressedtivel to when
ADAR?2 was overexpressed. This was observed under both RNA Pol RiAdPol IlI
expression, indicating that differences in editing of RNA Pol fd &RNA Pol |li
expressed targets were not due to differences in target site expression.

Furthermore, a comparison of expression levels between the two tfpes
polymerases when either ADAR1 or ADAR2 was overexpressed shtvaedxpression
levels were not significantly different. Thus, while ADAR ovemession but not
promoter type influenced transcription, higher RNA levels waised with higher levels
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of editing. This means that differences observed in editing wetenfluenced by
differences in RNA levels.
RNA Pol Il CTD Influences A-to-I RNA Editing by ADAR1 but not ADAR2

A key structural difference between RNA Pol Il and RNA Rbis the CTD in
RNA Pol Il. The C-terminal half of the CTD has previously been shimwegulate post-
transcriptional RNA processing, such as alternative splicingrendddition of the 5’ cap
(Fong and Bentley 2000). In addition, the CTD has previously been showa to
important in coordinating A-to-l RNA editing by ADAR2 with altettive splicing
(Laurencikiene et al. 2006, Ryman et al. 2007). In order tordeterif A-to-l RNA
editing by ADARL1 is influenced by the CTD, two different RNAIRI expression
plasmids were used that express either a full length CTD (pAT-YRpbor a truncated
CTD (pAT7Rpb-1-25) that lacks heptad repeats 26-52 (Fong and Bentley. 2008)
expressed RNA polymerases are resistant to an RNA Rdiibitor, a-amanitin. This
allows for knock down of endogenous RNA Pol Il activity following transi
transfection.

Editing analysis indicated that A-to-I RNA editing was unatddy differences
in CTD length when ADAR2 was overexpressed (figure 2.2). Thisomasistent with
previous studies showing the CTD does not influence ADAR2 activitheaR/G site
when splicing is inactive (Ryman et al. 2007). However, full le@JB reduced A-to-I
RNA editing (p=0.05) when ADAR1 was over expressed and in the nuesef
endogenous ADAR activity. This implies that the repression in RDActivity by full
length CTD, relative to the truncated CTD, is the reason fodifierence in editing
efficiency in the presence of endogenous ADAR activity. Alsoreéldection of editing
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in the case of ADAR1 overexpression was significant at p=0.05 buait ipst0.025. This
indicates that the CTD influence on ADAR1 activity may be anbrginal, and would
potentially not be significant with larger sample sizes. Tleaperiments also show that
ADAR editing activity can also occur post-transcriptionallyheat than only co-
transcriptionally.
Discussion

ADAR directed A-to-1 RNA editing in transcripts expressgdRNA Pol Ill has
not been previously shown. Here a known editing target, the R/Gs1eGIuR-B, was
expressed under either an RNA Pol Il or RNA Pol Ill promotetitifify was evaluated in
the presence of either ADAR1 or ADAR2 overexpression, or in theepoe of
endogenous ADAR activity. Editing efficiency was influenced byhlilymerase and
ADAR type. Furthermore, editing in the presence of either ADARI¥ndogenous
ADAR activity, but not ADAR2, increased when the CTD of RNA Ralas truncated.
The effect on ADAR1 was significant at p=0.05 but not p=0.025. The ladiffefence
in ADAR2 editing by partial CTD deletion is consistent with poen studies of ADAR2
that showed no influence by the CTD on editing at the R/G sitan v8picing was
disabled (Ryman et al. 2007). In addition, in editing targets wé@reing is enabled,
ADAR?2 activity is only effected by complete deletion of theBC{Laurencikiene et al.
2006).

My study shows that RNA Pol Il transcripts can be A-toN/Rediting targets.
It also shows that ADAR1 and ADAR2 have different editing efficies when targeting
the R/G site. This supports previous work that demonstrated ADAfendent
differences in editing efficiency at the R/G site (Laaé 1997). My work expands on
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this by showing that these ADAR dependent differences in editiitgeacy are present
in RNA Pol Il transcripts as well. Also interesting what ADAR1 overexpression did
not increase A-to-I RNA editing in RNA Pol 1l transcriptsybad editing levels
observed in the presence of endogenous ADAR activity. This inditedesADARL
does not target the R/G editing site under RNA Pol Il expsassin order to determine
if ADARL1 directed editing of all RNA Pol Il transcripts &milar, investigation of
additional targets will be needed.

Target gene expression levels were examined to try to acaudifferences in
editing. Since editing was lower when ADAR1 was overexpressatve to ADAR2
overexpression, it is possible that the difference could be due teedits in target gene
expression. However, while less editing was seen in the peséMDARL, less of the
target RNA was present. This indicates that editing lewele not influenced by levels
of target gene expression. This runs counter to a previous studshthwed ADARL1
overexpression causes an increase in RNA of transiently eécdedf editing reporter
genes (Gommans and Maas 2008). This effect was not observed whepattier gene
was genomically integrated. In addition, ADAR1 knockdown in hESCs rdsinta
decrease in RNA levels in genes associated with nuclei@adigrotein metabolism, but
an increase in RNA levels in genes associated with neurogemesisell differentiation
(Osenberg et al. 2010). The basis for these differing effecBNx levels caused by
ADARL1 overexpression remains unknown.

Another interesting observation from the RNA Pol 1I/Pol 1l comgami was that
editing efficiency was lower in RNA Pol 1l transcripts, but ymwhen ADAR1 or
ADAR2 was overexpressed. This dichotomy presents some intergséngrios as to
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what may be occurring. A plausible hypothesis is that endogerdA&ks are typically
sequestered away from RNA Pol Il transcripts but not from RPA Il However,

overexpression of ADAR overloads this regulatory mechanism, allovanggreater
access to RNA Pol Il transcripts. The nucleolus is a potesitgabf ADAR localization
that may play this role (Desterro et al. 2005, Sansam et al. 20@8,efial. 2005). Both
ADAR1 and ADAR2 have been shown to be able to localize to theolusle ADAR1,

but not ADAR2, can be SUMOylated, a post-translational modificatisoceested with
nucleolar localization (Desterro et al. 2005). Though nucleolar segti@s was shown
to be SUMO-independent, SUMOylation did inhibit ADAR1 editing activityin

addition, ADAR2 sequestration to the nucleolus was shown to decreéisg editivity

(Sansam et al. 2003, Vitali et al. 2005). Thus, sequestrationb@mayne potential
mechanism regulating ADAR activity.

The CTD of RNA Pol Il has previously been shown to act as betafold and
coordinator of post-transcriptional processing of mRNA (Buratowski92 Fong and
Bentley 2000, Hirose and Ohkuma 2007). While crosslinking experimentsbeave
unsuccessful in demonstrating an association between the CTDtlhed ADARL or
ADAR2, CTD deletion studies demonstrated the role the CTD playsordinating
editing with splicing (Laurencikiene et al. 2006, Nishikura 2010, Ryntaal. £007).
This indicates at least a transient relationship between RNA Pol 1l andRADA

Previous research has shown that the CTD of RNA Pol Il influehdesl RNA
editing. For the R/G site from GIuR-B, the CTD was only nexrgs®r highly efficient
editing if splicing was enabled (Ryman et al. 2007). In additemoral of only half of
the CTD was insufficient in influencing A-to-1 RNA editingy ADAR2 (Laurencikiene
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et al. 2006). This was supported by CTD-deletion experiments dom¢ha¢ishowed no
difference in A-to-I RNA editing in the presence of eitheldwype or truncated CTD

when ADAR2 was overexpressed. This was not surprising given the fact that the exon 13
splice site is inactive in the R/G target gene used for thidys Taken together, this
shows that ADAR2 can act independently from the co-transcriptregalatory activity

of the RNA Pol Il CTD. This is supported by the presence od-ARNA editing in
transcripts expressed by RNA Pol Ill, which lacks a CTD.

The influence of the CTD on ADARL1 has not previously been demonstrated.
ADAR1 activity was significantly lower in the presence ofdatiype CTD compared to
the truncated CTD. However, this difference was only signifieanp=0.05. This
indicates that this difference may disappear with larger sasgipes. However, if this
difference truly is significant, this would be counter to previousliss of ADAR2
activity which indicated that a partial CTD deletion was insiéfit to influence A-to-I
RNA editing when splicing near the editing site was enabladr@ncikiene et al. 2006).
Only full CTD deletion influenced editing by ADAR2, but only in splig competent
editing targets (Laurencikiene et al. 2006, Ryman et al. 2007). Thislatso indicate
that ADAR1 and ADAR2 have different sensitivities to regulatigrthee CTD, and that
heptads 27-52 of the CTD inhibit ADAR1 activity. Furthermore, tighéi amount of
A-to-I RNA editing in the presence of endogenous ADAR actidilg to partial CTD
deletion would be attributed to an increase in ADARL1 activity. s Tdanclusion was
reached with the observation that ADAR1 but not ADAR2 activiigreased with the

partial CTD deletion.
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A-to-1 RNA editing has not been previously shown in RNA Pol llhs@ipts.
Using a known editing target expressed under an RNA Pol lll proptbis species of
RNA was shown to be targeted by A-to-l RNA editing. Comparisoh®diting
efficiency demonstrated that although RNA Pol Il transcripis endergo A-to-1 RNA
editing, editing efficiency was lower than when the samgetavas expressed by RNA
Pol 1. In addition, editing in the presence of ADAR2 was highan in the presence of
ADARL1. Finally, partial deletion of the RNA Pol II CTD showed ttlediting occurs

post-transcriptionally rather than only co-transcriptionally.

70



Primer Primer Sequence
U6-F ACGAGGATCCAAGGTCGGGCAGGAAGAGGGCC
U6-R GTAACTGCAGGTGTTTCGTCCTTTCCACAAG.

Termination-F-

Oligo

AGCTTGACCATGGATTACATATGATCGACAGACTAGGTACGACG

ATACTAGCGTTTTGAC

Termination-R-

TCGAGTCAAAACGCTAGTATCGTCGTACCTAGTCTGTCGATCATA

Oligo TGTAATCCATGGTCA

RG-F-Pstl ATATCTGCAGCCTGGATTCCAAAGGCTATGGC
RG-R-Hindlll ATATAAGCTTAAGATACATCAGGGTAGGTGGG.
RG-F-EcoRl AAGAATTCCCTCGATTCCAAAGGCTATGGC
RPBS TTGTAATACGACTCACTATAGG

PCI-1D CACAACAGTCTCGAACTTAAGC

T-Site-R-Kpnl CTAGAGGTACCGTATCGTCGTACCTAGTCTGTCG

Table 1- Table of Primers
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Figure 2.1 — The R/G site from GIuR-B is an A-to-1 RNA edjttarget when expressed
by RNA Pol lll. A) The R/G editing site from GIuR-B is gdlayed. The editing site (red
circle) is in the last codon of exon 13 (bold text). The hairpin fandsRNA region
(Lines) 38 nucleotides in length with a 5 nucleotide loop. B) Tinergé structure of the
R/G expression vector. Expression vectors varied by promoter usexptess the
editing target by either RNA Pol Il (CMV) or RNA Pol [jU6). C) Comparison of A-
to-1 RNA editing in RNA Pol Il transcripts in the presenmieoverexpressed ADAR1,
ADAR?2 or endogenous ADAR activity. D) Comparison of A-to-1 RiEéiting in RNA
Pol 1l transcripts in the presence of overexpressed ADAR1, ADAR2ndogenous
ADAR activity. E) Polymerase dependent comparison of editingdbas ADAR1 or
ADAR?2 overexpression, or endogenous ADAR activity. F) gRT-PCHtseelative to
GAPDH were normalized to expression by RNA Pol Il in thespnce of overexpressed
ADAR1. This displays expression levels of the R/G editing talgesed on both
promoter type and ADAR overexpression.
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Figure 2.2. The influence of the RNA Pol Il CTD on ADAR functioRNA Pol I

containing full length (CTD-WT) or a truncated CTD (CTD-1-25)swesed to express
the R/G editing target in HelLa cells. Editing was evaluatedhe presence of
overexpressed ADAR1 or ADARZ2, or in the presence of endogenous ADAR activity.
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Chapter 3
Transcriptionally Active Alu Elements Are A-to-1 RNA

Editing Targets
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Introduction

A-to-1 RNA editing is a post-transcriptional modification thargets double
stranded RNA molecules. Alu elements are primate speefietitive elements present
in over 1 million copies in the human genome. Due to their high copy nu#loer,
elements are often expressed as inverted pairs within pre-m&m#jng formation of a
double stranded structure that is permissive for ADAR binding and sulnsesfligng.
As such, Alu elements constitute major editing targets when embedded wetnmRNA
molecules (Athanasiadis et al. 2004, Peng et al. 1012). Not nAla elements highly
targeted as editing substrates, but they can be edited at mutignlestnes (Athanasiadis
et al. 2004, Osenberg et al. 2010).

These editing events can have important regulatory implications oe ge
expression. Editing within an embedded Alu element present in introinn@iclear
prelamin-A recognition factor, NARF, results in the creatioraofalternatively spliced
Alu exon (Lev-Maor et al. 2007). Within the 3" UTR, promiscuous editimgAlu
elements can result in a decrease in translation via a nueteation mechanism that
targets highly edited RNA substrates, and can lead to cleavabedoy-SN (Chen et al.
2008, Chen and Carmichael 2009, Scadden 2005, Scadden 2007). Furthermore, editing
in Alu elements within the 3’ UTR can both create and destroyNAiRarget sites
(Borchert et al. 2009).

In addition to being expressed embedded within mMRNA molecules,|éiueats
can also be expressed via their own internally located promaererts (Chu et al.
1995, Li and Schmid 2001, Roy et al. 2000). These A-box and B-box promatemése
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allow for expression via RNA Pol Il (Kenneth et al. 2008). Alena¢nts expressed in
such a way are termed transcriptionally active Alu elementsanscribed Alu elements
(Li and Schmid 2001). Transcriptionally active Alu elements aeestburce for Alu
retrotransposition (Bennett et al. 2008, Britten et al. 1988, Dewanmieak 2003).
Additionally, transcribed Alu elements have been shown to havet@sdkgesponse-like
behaviors (Mariner et al. 2008, Wagner et al. 2010). They assoctat&NA Pol Il
following heat shock, leading to decreased transcription of nossiteis response
related genes. Transcribed Alu elements have also been showrod@tassiith the
ribosome both independently or in complex with SRP9/14 subunit of the SRP (Hasler and
Strub 2006, Rubin et al. 2002). These associations result in alt@nstation rates. The
role of Alu elements during cell stress is supported by the findhiag Alu expression
increases following various types of cell stress (Li and Sd¢H2001, Liu et al. 1995,
Panning and Smiley 1995, Rudin and Thompson 2001).

Editing in inverted Alu pairs is prevalent when embedded within mMRNA
(Athanasiadis et al. 2004, Peng et al. 1012, Osenberg et al. 2010). HAveERNA
editing in transcriptionally active Alu elements has not been denabedt A-to-I RNA
editing may be inhibited by factors such as the type of polyseeresponsible for
transcription and an inability to transcribe the inverted Alu elenf@nta number of
reasons. Chief among these is the commonality of RNA Pahtiktription terminators,
which are typically encoded as four or five consecutive thyminéaotides (Chu et al.
1995, Chu et al. 1997, Gunnery et al. 1999). Although RNA Pol Il terminsities are
not 100% efficient, their presence between two inverted Alu elemeuld limit dSRNA
formation by preventing inclusion of the inverted Alu element witRINA Pol Il
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transcripts. In addition, Alu elements contain two poly-A regiongndéral poly-A track
and a 3’ poly-A tail (Batzer et al. 1996). When inverted, thhegeons are encoded as
poly-T regions and could potentially behave as RNA Pol Il ternunasites, further
limiting dsRNA formation.

To date, all published research on A-to-1 RNA editing within Alenetnts has
focused on embedded Alu elements within mRNA and pre-mRNA. Herge Alu
expression vectors to investigate transcribed Alu elementhdar potential to undergo
A-to-1 RNA editing. In addition, | conduct a brief survey of stural characteristics
necessary for editing to occur in these transcripts. Key gshdhese structures are
potential termination sites within the inverted Alu element. | skivat Alu elements
expressed by RNA Pol Il can undergo A-to-1 RNA editing, drat editing is dependent
on the presence of an inverted Alu element within the RNA molecule.

Methods and M aterials
Plasmid Construction

Alu elements expressed by RNA Pol Il used the RNA Polebkpression
backbone pBS-U6-Term. The Alu element with gene accession nARIBd4193 was
used as the target sequence, and was amplified by PCR usted pdamers (Li and
Schmid 2001). The first PCR used forward primer TarAlu-F1, tlkersk PCR used
forward primer TarAlu-F-Pstl, which contains a Pstl regticsite (Table 3.1). Reverse
primer TarAlu-R-Hindlll containing a Hindlll restriction sitwvas used in both reactions.
These restriction sites were used to ligate the sequence HUBHSrm to make pBS-
U6-Alu-Term. The Inverted Alu element was amplified by PCRaisiested primers.
The first PCR used forward primer InvAlu-F1 and reverse primgAlu-R1. The

77



second PCR used reverse primer InvAlu-R-Kpnl, containing a Kesiriction site.
Forward primers InvAlu-F2T and InvAlu-F2dT were used for ampldythe inverted

Alu element for vector pBS-U6-Alu-Term-ulA and pBS-U6G-AlurifeulAAT,
respectively. These contained Xhol restriction sites. TkenEBS-U6-Alu-ulA and
pBS-Alu-ulAAT, the termination sequence was removed by two rounds of site-directe
mutagenesis. The first SDM reaction used primers SDMF1 amdR3D The second
SDM used primers SDMF2 and SDMR2.

RNA Pol Il expression vectors used plasmid pCl. pBS-U6-AluvleaBS-U6-
Alu-Term-ulA, and pBS-U6-Alu-Term-ulAT were used as PCR templates to make the
insert for pCl-Alu, pCIl-Alu-ulA and pCI-Alu-ulAT, respectively. Forward primer
PBSAIlu-F-Eco and reverse primer RPBS were used. EcoRI pnd réstriction sites
were used to ligate the sequence into pCl downstream of the CMV promoter.

Cell Culture and Transfections

HelLa cells were grown to 50% confluence on 6 well plates imtgronedia
containing minimal essential media, 10% fetal bovine serum, and nfimyaotic
solution. Cells were grown at normal growth conditions at 37° C with £@and
88% humidity. Transfections were performed in 3.5 cm wells uSungerfect reagent
according to the manufacturer’s protocol. Transfections used 1thg tdrget sequence
expression vector and 1ug of pEX-ADAR1, pEX-ADAR2, or no additional pthgmr
well. Transfection proceeded for 3 hours at normal growth conditiCells were
washed with 1x PBS, then incubated at normal growth conditions for 36-48 hours.

RNA Preparation and RT-PCR
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RNA was isolated using TRIzol Reagent according to the manufdsture
protocol. 1 mL of TRIzol Reagent was used per well. Isolated Rid# treated with
Turbo DNase for 1 hour at 37°C to remove contaminating DNA. Reactens
stopped and purified by phenol-chloroform purification followed by ethanol precpitat
RNA purity was tested by PCR. DNase treatments were repeateceasargc

RNA was reverse transcribed using Superscript Il revdranscriptase and
primed random hexamers. Between 1 and 3 ug of RNA was used p&vreadtu
elements expressed by pBS-U6-Alu and pCI-Alu expression vectors mphéied using
forward primer 93-1D-Eco or PCI-1D, respectively. Reverse prifn8ite-R-Kpn was
used in each reaction. Inverted Alu pairs expressed by RNAIRwlIRNA Pol Il were
amplified using forward primers 93-1D-Eco or PCI-1D or, respely and reverse
primer I-Site-R-Kpn. All PCR amplicons were purified by gldctrophoresis and were
sequenced using Sanger sequencing method.

Subcloning and Blue/White Colony Screen

PCR amplicons were digested with EcoRI and Kpnl and were ligatecpBS
vector. Ligations were then transformed into z-competent eells plated on LB-
ampicillin plates containing x-gal for blue/white colony selatti Plates were grown
overnight at 37°C. White colonies were selected and inoculated intank8ia
containing 100 ug/mL ampicillin and grown overnight at 37°C. Plasmi® when
isolated using Qiagen Miniprep kit, and inserts were sequence&hibger sequencing
using a primer for the T7 promoter.

Results

A single Alu element isinsufficient for A-to-1 RNA editing

79



A single Alu transcript is able to take on a relatively coresgt secondary
structure that contains some double stranded characteristics (Behak 2008, Hasler
and Strub 2006, Huck et al. 2004, Mariner et al. 2008). However, comprehensive
analysis of A-to-I RNA editing in an RNA transcript containagingle Alu element has
not been published. To determine if a single Alu element is muftito behave as an A-
to-l RNA editing substrate, expression vectors were designexdess a single Alu
element under either an RNA Pol Il (CMV) or RNA Pol Il §Jpromoter (figure
3.1A,B.). These expression vectors were termed pCI-Alu and pBSHUGekm,
respectively. These were co-transfected into HelLa cells @ither constitutively active
ADARL1 or ADAR2 genes, or no additional ADAR.

RT-PCR products were sequenced by Sanger sequencing. Initial
electropherograms did not reveal any evidence of A-to-1 RN#\ngdjFigure 3.2). Since
editing analysis by Sanger sequencing has a lower sensitivitshold between 10% to
15% editing, all amplicons were subcloned into pBS vector for bluewtolony
screening and miniprep extraction to allow for single sequendgsané_uciano et al.
2004). 100 subcloned sequences of each sample were individually sequenced. No
editing was observed regardless of either promoter type or presence of addDiémrd
or ADAR2. This shows that a single Alu element is not targeted by A-toA &hting.
Development of inverted Alu expression vectors

Inverted Alu elements embedded within mMRNA are commonly editetlkiple
adenosines, and represent major A-to-I RNA editing targetseitnuman transcriptome
(Athanasiadis et al. 2004, Peng et al. 2012). To determine if inv&dgehirs expressed
by RNA Pol Il can be targets of A-to-l RNA editing, four @ifént RNA Pol Ill Alu
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expression vectors were designed (Figure 3.1A). Using pBS-Ug-&dm as a starting
point, an Alu element was ligated into the vector downstream d¢éthenation site in an
inverted orientation relative to the direction of gene expression. eTiwere two
variations of the inverted Alu element that were inserted intovélstor. RNA Pol il
termination sites are encoded as four consecutive thymines (Ghul&95, Chu et al.
1997, Gunnery et al. 1999). When inverted, the poly-A tail of the invertectlament
would be encoded as a run of thymines, and could potentially behave as a temsiteti
(Batzer et al. 1996). Due to this possibility, the inverted Almel# either included or
did not include AT), the poly-A-tail. These vectors were termed pBS-U6-AduAT-ulA
and pBS-U6-Alu-Term-ulAT, respectively.

Due to the design strategy used to construct these vectors, anPRNAI
termination site was present between the two inverted Alu elemdritough RNA Pol
lll termination sites are not always 100% efficient, the efficy of this termination site
had not been tested. In order to eliminate the impact this tainscrtermination site
could have on expression, site directed mutagenesis was usedrdy tles termination
site. These expression vectors were termed pBS-U6-Alu-ulA and pBS-UGANT .

Vectors pBS-U6-Alu-Term-ulA and pBS-U6-Alu-Term-uMX were used as
templates to amplify the inverted Alu pairs by PCR. The dieglAlu pairs were then
subcloned into pCl vector downstream of the CMV promoter to genayatparable Alu
expression vectors dependent on RNA Pol Il transcription (figure 3.1Bese were
named pCI-Alu-ulA and pCI-Alu-ulAT. Only two of these expression vectors were
made because RNA Pol Ill termination sites are not recogmigddrmination sites by
RNA Pol II.
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Inverted Alu elements expressed by RNA Pol 111 undergo A-to-1 RNA Editing

The inverted Alu expression vectors were co-transfected intaa Hells with
expression vectors overexpressing either ADAR1 or ADAR2, or expeessed in the
presence of endogenous ADAR activity. Both pBS-U6-Alu-Termand pBS-U6-Alu-
Term-ulAAT failed to transcribe beyond the termination site (figure 3.1This was
confirmed by comparison of RT-PCR products using reverse primeasetb@ither
immediately upstream (T-Site-R-Kpn) or immediately downstréaSite-R-Kpn) of the
termination site. Sanger sequencing and single transcript snsitysved no evidence of
A-to-1 RNA editing (figure 3.2). Lack of editing here was not xpexted given the
absence of the inverted Alu element within the RNA transcripts.

The absence of the termination site in pBS-U6-Alu-ulA and pBBUMAT
allowed for expression of longer transcripts (figure 3.1c). Sasegprencing was used to
observe A-to-I RNA editing in targets expressed by eithetovgfigure 3.2 and figure
3.3). The number of edited sites in pBS-U6-Alu-ulA in the presence of ADAR1, ADAR2
or endogenous ADAR was 24, 23, and 18, respectively, out of 42 total adendsumes.
pBS-Alu-ulAAT, the number of edited sites was 20, 23, and 15 edited adenosines out of
42 total. The number of total edited sites in each of the RNAIIP@xpression
constructs was comparable to positive controls expressed by pCI-Alu-ulA, 21, 26, 18, and
pCI-Alu-ulAAT, 20, 25, 18. While there were some differences in the total number of
edited sites observed, it is possible that the 15% editing threstemldaidifferentiate G-
peaks from background noise in the electropherogram could have ledn to

underrepresentation of the actual number of editing sites. Thisoma&specially true
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when observing editing in the presence of endogenous ADAR activityevahserved
editing events were often very near to this minimum threshold value.

This shows that Alu elements expressed by RNA Pol Il undergoigcaous A-
to-1 RNA editing when an inverted Alu element is present in taestript. Also, the
amount of editing was comparable to that observed in RNA Rablessed inverted Alu
pairs.

Discussion

The goal of these experiments was to first determineufefddments expressed by
RNA Pol Il could undergo A-to-l RNA editing, and to then determstauctural
characteristics necessary for editing to occur in thesetisitsa This was done using
HeLa cells transfected with vectors that express Alu elesnattier by RNA Pol 1l or
RNA Pol Il

Although a single Alu element is able to take on a secondarysgumntaining
some double stranded regions, a single Alu element alone is anesutffio enable A-to-|
RNA editing. This was observed regardless of the type of polymeesponsible for
transcription as well as whether ADAR1 or ADAR2 was overexpresdn addition, the
pBS-U6-Alu-Term-ulA and pBS-Alu-Term-ulAT constructs, which also do not express
the inverted Alu element, showed no editing. This supports the hymothasa single
Alu element is insufficient to form an A-to-1 RNA editing substrate.

Expressed inverted Alu pairs undergo A-to- RNA editing at metggdenosines
when expressed by RNA Pol lll. This was observed in the presdnoeerexpressed
ADAR1, ADAR2 or endogenous ADAR activity. Promiscuous editing witimverted
Alu elements expressed by RNA Pol Il was similar to lewbserved under RNA Pol I
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expression. Both results were consistent with previous researebtigating editing
within inverted Alu elements embedded within mRNA (Athanasiadat. 2004, Peng et
al. 2012, Osenberg et al. 2010). These results indicate that it ®rtioture of the
editing substrate rather than the transcriptional mechanism ghatportant for the
development of promiscuous A-to-1 RNA editing patterns.

The design of the inverted Alu expression vectors had two purposesfirsthe
was to enable the study of structural elements nece$sark-to-I RNA editing in
transcriptionally active Alu elements. The other was to evakpeeific sequences in the
inverted Alu element that may potentially behave as RNA Paiiination sites. RNA
Pol 11l termination sequences are encoded as a minimum of fourccingethymine
nucleotides (Chu et al. 1995, Chu et al. 1997, Gunnery et al. 1999). Alin&detnatain
two poly-A regions that are encoded as poly-T regions when invertedntiadly
behaving as RNA Pol Il termination sites (Batzer et al. 19B6portantly, neither the
central poly-A track nor the poly-A tail of the inverted Alleraent behaved as a
transcription termination site. This can be inferred from phesence of edited
nucleotides in the target Alu element expressed by U6-Alu-ulAp&&FAlu-ulAAT, in
conjunction with the analysis of editing within a single Alu elengarhonstrating that
the presence of the inverted Alu element within the RNA molesale necessary for
editing. This is significant because it indicates a grdaéterhood for expression of the
entire inverted Alu repeat when the forward Alu element is ¢rdved by RNA Pol Il1.
This increases the probability of A-to-1 RNA editing withiartscriptionally active Alu

elements expresséa vivo.
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The observation that Alu elements expressed by RNA Pol libednighly edited
at multiple locations may be significant in relation to a nundfenechanisms. These
include retrotransposition, the known roles of transcriptionally achie RNA, and
regulation of promiscuously edited RNA molecules. In a broad seAke,
retrotransposition and Alu RNA functional activities are dependenbath the Alu
sequence and secondary structure (Bennett et al. 2008, Haslerudmad(®x8, Mariner et
al. 2008, Rubin et al. 2002, Wagner et al. 2010). A-to-1 RNA editiagmgchanism that
changes the RNA sequence, and alters the secondary strueseatpwithin the RNA
molecule. Editing in Alu RNA could potentially behave as a régofamechanism
impacting the different processes that Alu RNA is involved inor é&xample, A-to-I
RNA editing could affect Alu retrotransposition rates by chagdhe binding affinity of
Alu elements to SRP9/14, an interaction thought to be necessary [or
retrotransposition (Bennett et al. 2008, Sarrowa et al. 1997). AdditipAatb-1 RNA
editing would change the Alu sequence prior to retrotranspositiorebthedtering the
sequence of the newly transposed Alu element from its parent §eicl. changes could
influence other downstream mechanisms such as DNA methy&tiGpG dinucleotides
present within the Alu element. These relationships between rifgtistally active Alu
elements and A-to-I RNA editing will be explored in more detathe closing chapter of

this dissertation.
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Primer

Primer Sequence

TarAlu-F1 GAC TTCTAAAGGA AGCAGCATGG

TarAlu-F-Pstl ATCTGCAG GGCCGGGTGCAGTGGCTCACTCC

TarAlu-R-Hindlll ATAAGCTT GCACTTTTTGTTTTTTTTGAGA

InvAlu-F1 ATCTGCAG GGCCGGGTGC AGTGGCTCACTCC

INVAIU-E2T ATCTCGAGGCATCTCGATATCTGAGACATGTTTTTTTTTTCT
TAAATGTATCC

INVAIU-E2dT ATCTCGAGGCATCTCGATATCTGAGACATGGAGACGGAGT
CTCGCAGTCACC

InvAlu-R1 GAATTGTATTGAGAATGCACTGG

InvAlu-R-Kpnl ATGGTACCGAATTGTATTGAGAATGCACTGG

SDMF1 CGACGATACTAGCGATTTGACTCGAGGCATCTCG

SDMR1 CGAGATGCCTCGAGTCAAATCGCTAGTATCGTCG

SDMF2 CGACGATACTAGCGAGTTGACTCGAG

SDMR2 CGAGATGCCTCGAGTCAACTCGCTAG

PBSALU-F-Eco

ATGAATTCGGCCGGGTGCAGTGGCTCACTCC

RPBS TTGTAATACGACTCACTATAGG

93-1D GCACTTTGGGAGGCTGAGGCAAGTAG

93-1D-Eco GGAATTCGCACTTTGGGAGGCTGAGGCAAGTAG
PCI-1D CACAACAGTCTCGAACTTAAGC

T-Site-R-Kpnl CTAGAGGTACCGTATCGTCGTACCTAGTCTGTCG
I-Site-R-Kpnl ATGGTACCCATGTCTCAGATATCGAGATGC

Table 3.1- Table of Primers
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Figure 3.1 — Design and Expression of Alu Expression Vectors. RNA Pol Il
expression vectors were built on a pBS vector backbone and used ani@igrto drive
expression of the target Alu sequence. The RNA Pol Ill spemfimination site is
encoded by four consecutive thymines, and is preceded by the gitméor T-Site-R-
Kpn. Inverted Alu pairs have a second primer site for primeteH$-Kpn located
between the termination site and the inverted Alu element. BA R Il expression
vectors were built on a pCl vector backbone and used a CMV pronmtdrive
expression. A short intronic sequence is located upstream of et #@lu. The
termination site for RNA Pol Il transcription is present buh@ recognized by RNA
Pol Il. Two of the RNA Pol Il expression vectors and one efRINA Pol Il expression
vectors have had the poly-A tail region removad)(from the inverted Alu element.
This region is encoded as poly-T when inverted and potentially behavas RNA Pol
[Il termination site. C) RT-PCR of RNA expressed by tHéednt expression vectors.
The presence of the termination site inhibits expression of Idregescripts by RNA Pol

lll. pCI-Alu-ulA and pBS-U6-Alu-Term-ulA plasmids were used as positioetrols.
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pCl-Alu

pBS-U6-Alu-Term

pCl-Alu-ulA

pCI-ALU-ulAAA

pBS-U6-Alu-TERM-ulA

pBS-U6-ALU-TERM-ulAAA

pBS-U6-ALU-ulA

pBS-U6-ALU-ulAAA

AR 1 ADAR2 No ADAR
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Edited 21 of 42
Adenosines

Edited 20 of 42
Adenosines

No

No

Edited 24 of 42
Adenosines

Edited 20 of 42
Adenosines

No

Edited 26 of 42
Adenosines

Edited 25 of 42
Adenosines

No

No

Edited 23 of 42
Adenosines

Edited 23 of 42
Adenosines

No

Edited 18 of 42
Adenosines

Edited 18 of 42
Adenosines

No

No

Edited 18 of 42
Adenosines

Edited 15 of 42
Adenosines

Figure 3.2 — Summary of A-to-I RNA editing observed in Alu RN#2 total adenosines
were evaluated in each Alu element in the presence of overeaghr@BAR1, ADAR?2,
or endogenous ADAR activity. Electropherograms were initiagpected for A/G
double peaks indicative of A-to-1 RNA editing. Alu RNA expressgdoBS-U6-Alu-
Term, pCI-Alu, pBS-U6-Alu-Term-ulA, and pBS-U6-Alu-Term-uMX were also

inspected on a single transcript basis in 100 subcloned sequences each.
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H pBS-U6-Alu-ulA
B pBS-U6-Alu-ulAAT
m pCI-Alu-ulA
m pCI-Alu-ulAAT

Total Edited Adenosines

ADAR1 ADAR2 Endogenous ADAR

Editing Enzyme

Figure 3.3 — Editing Analysis of Inverted Alu repeats exprebge@NA Pol Il and RNA
Pol 1ll. 42 adenosine nucleotides in the target sequence weretetspacthe presence
of A/G double peaks in their electropherogram. A 15% lower thréshias used to

differentiate A-to-1 RNA editing from background.
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Chapter 4
Transcriptionally Active Alu Elements Undergo Basal

Level A-to-l RNA Editing In Vivo
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Introduction

A-to-l RNA editing is a post transcriptional RNA modificatiohat targets
dsRNA. The reaction is catalyzed by the ADAR family of prateand the resulting
inosine is interpreted as guanosine by other cellular machiriedyting displays both
spatial and temporal differences within an organism (Athanaseédil. 2004, Gan et al.
2006, Kawahara et al. 2003, Nicholas et al. 2010). In general, ADAR actifighier in
more developmentally complex tissues (Athanasiadis et al. 2004, GAn2€106). In
humans, A-to-I RNA editing is most active in the brain. Tempdiffdrences in editing
are also present, and can vary on a gene to gene basis withamibeissue (Nicholas et
al. 2010). For example, Gabra-3 encodes for the alpha-3 subunit of th& @a&ptor
in the brain. In human cortex, editing levels in Gabra-3 araated by age. This is in
contrast to editing observed in CYFIP2, which is involved in neuronal devetb@amd
maintenance. CYFIP2 displays an age dependent decrease in RNA-lediting in
human cortex, demonstrating a gene specific temporal influence on edituity.act

Alu elements have been shown to be highly targeted for A-to-1 Ritkg when
embedded within larger mRNA molecules (Athanasiadis et al. 2004, ®eaig2012).
The high editing levels in Alu elements is due in large matheéir high copy number in
the human genome (Athanasiadis et al. 2004, IHGHC 2001, Sela et al. ZD0&i).
commonality often results in two oppositely oriented Alu eletmebeing expressed
within a single transcript. This allows dsRNA to form, enablingA&Dbinding and
subsequent editing.

Alu elements are composed of a left and right arm separgtadcbntral poly-A
track and ending in a poly-A tail (Batzer et al. 1996). The poEsef A-box and B-box
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RNA Pol Il promoter elements in the Alu left arm enables #hnscription by RNA Pol
[l (Chu et al. 1995, Dieci et al. 2007, Li and Schmid 2001, Roy et al. 200@3se Alu
elements are termed transcriptionally active Alu elementisanscribed Alu elements (Li
and Schmid 2001). Their expression increases following viral infeatinset of cancer
or disease, or following cell exposure to DNA damaging readentnd Schmid 2001,
Liu et al. 1995, Panning and Smiley 1995, Rudin and Thompson 2001). Indeed,
transcribed Alu elements expressed in response to cell stsssiade with both RNA
Pol Il and the ribosome, thereby influencing expression of targetsgatrans (Hasler
and Strub 2006, Mariner et al. 2008, Rubin et al. 2002, Wagner et al. 2009)

Transcriptionally active Alu elements have also been implicasethe source of
newly retrotransposed Alu elements (Bennett et al. 2008, Britteral.et1988,
Dewainnieux et al. 2003). Due to their evolutionary relationship theRM$A from the
SRP, they are able to associate with the SRP9/14 SRP subumie(Bet al. 2008, Huck
et al. 2004,Sarrowa et al. 1997). SRP9/14 helps facilitate Alu regtspiosition by
shuttling Alu elements to the ribosome, where they can then comptexORF2p.
ORF2p is a reverse transcriptase encoded by the L1 repelé@iverdg and is responsible
for Alu retrotransposition (Feng et al. 1996, Mathias et al. 1991). ThQRF2p
typically binds its own mRNA, transcriptionally active Alu elerteeare able to supplant
L1 mRNA via a template switching mechanism, enabling Alu netngposition (Esnault
et al. 2000, Kroutter et al. 2009, Kulpa and Moran 2005, Wei et al. 2001).

Alu elements are highly involved in epigenetic regulation. Alemants are
enriched for CpG dinucleotides, and as such often constitute Cp@sis|&mo et al.
2007, Kang et al. 2006). CpG islands can be targeted for DNA migbyla catalyzed
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base modification that results in reduced expression of nearbys.gehe addition,
nucleosome mapping showed that nucleosomes preferentially associhteAlw
elements, and that this preference is mediated by interactibnedmethe histone core
complex and CpG dinucleotides present in Alu elements (Betteck®dn2§i11, Tanaka
et al. 2010). Since inosine is interpreted as guanosine, A-to-l RNiAng in
retrotransposably active Alu RNA has the potential to generateQpgs dinucleotides
prior to Alu retrotransposition.

Here, | investigate transcriptionally active Alu elements fadence of A-to-I
RNA editing in humansin vivo. A filter system was employed to screen for
transcriptionally active Alu elements that are likely todoiting targets. RNA derived
from human brain and spleen from multiple individuals was probed fongdhitthin the
selected Alu elements. One brain sample showed evidence bfidadaA-to-1 RNA
editing. Editing at a single site within the Alu elemeaswreferentially edited relative
to other adenosines within the Alu element. Also, editing resirtéue generation of
CpG dinucleotides in the Alu RNA that were absent from the gensagaence. A-to-I
RNA editing was not observed in this Alu element in other tissnepkes, nor was it
observed in other Alu elements investigated. | hypothesize thatl RNA editing
could have a significant impact on the sequence of Alu elementsatbaable to
retrotranspose.
Methods and M aterials
DNA and RNA
DNA and RNA used fom vivo analysis was obtained from Biochain Inc. as a matched
set product called Dr. P Set. Dr. P Sets derived from thrée tisaue donors and one

94



spleen donor were used for the analysis. RNA was treated Dithsel to ensure
complete removal of genomic DNA.
PCR and RT-PCR

3 ug of RNA was reverse transcribed using Superscript 1l reveasscriptase
according to manufacturer's protocol. For each selected Almesie PCR was
performed using successive PCR reactions. Primary and nestadr pets were
designed for Alu-344192, Alu344193 Alu 344196, Alu517a, and Alu 517b (Table 3).
Samples were purified by phenol/chloroform reaction followedthgrel precipitation.
PCR amplicons were gel purified on a 4% agarose gel using QIAgX extraction Kkit,
and were sequenced by the Sanger sequencing method.
Subcloning, Blue/White Colony Screen, and Sequence Analysis

PCR amplicons were cut using either EcoRI and Kpnl (Alu-93 dnd-26) or
Pstl and BamHI (Alu-92, Alu517a, Alu517b) and were ligated into p&3ors using T4
ligase. Samples were then transformed into bacteria and spregdrgplates containing
100 ng/mL Ampicillin and 4 uL/mL Gal-X solution for blue/white colosgreening.
White colonies were selected to inoculate LB media containing 10Qngmpicillin
and were incubated overnight at 37°C. Plasmids were isolated @siggn Mini-prep
kits, and were sequenced by Sanger sequencing method using a T7 [Beoggences
were aligned and compared using Segman.
Statistical Evaluation

The comparison of the number of mismatches by position was performed using a
X?-Test with a p-value of p = 0.001. The expected value for this test was determined
using the formula described by Luciano et al., 2001, for calculating an number of
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mismatches, or errors, to be expected based the experimental procedureroil haseer
uses the equation E=A*B + A*C*D, where E is the expected error, A is the number of
adenosine nucleotides, B is the error rate of the reverse transcriptagbe@riror rate of
Taqg Polymerase, and D is the number of PCR cycles (Luciano et al. 2001). For
comparison of mismatches by positiétf: Test was also used with a p-value of p =
0.005. The expected frequency was determined by averaging the total number of A/G
mismatches across all adenosines in which A/G mismatches had occurred.
Results
Alu ldentification

A literature search identified 87 Alu elements previously shown be
transcriptionally active (Li and Schmid 2001, Gu et al. 2009, Borchert et al. 2006). These
Alu elements were inspected using the UCSC genome browser. wWéey then
subjected to a series of manual filters in order to reduce the nuwhi#du elements
investigated to those most likely to undergo A-to-I RNA editing, @ndliminate Alu
elements that would be experimentally difficult to study (figdrg). The first filter
removed Alu elements if they shared a genomic region with a knowntlgaines in the
sense orientation relative to the direction of Alu transcription. This filter etishat any
editing observed would be derived from RNA Pol Il transcripts andfrooh the
embedded Alu sequence. A second filter searched sequences 3kb dowostieaAlu
element, and removed those that did not contain an inverted Alu elentbint thiat
region. This filter removed Alu elements that are unable to finle dSRNA secondary
structure that is necessary for A-to-I RNA editing to occarfinal filter eliminated any
Alu elements that lacked unique DNA sequence between the invdrtedefments. Due
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to the repetitive nature of Alu elements, this filter was sg&@®/ to ensure amplification
of the specific target Alu element using an RT-PCR protocol.

This filter process narrowed the number of potentially editedefdments down
to five. Two Alu elements, Alu-517a and Alu-517b, were located upstedaand are
responsible for the expression of, miRNAs 517a and 517b (Borchert2604&). The
other 3 Alu elements, with the gene accession numbers AF31449D21| AF314493
(Alu-93), and 314496 (Alu-96), were previously identified by cDNA clorang primer
extension analysis (Li and Schmid 2001).

Alu-93 is from the AluY family and has an inverted Alu elemeatrfrthe AluSx
family located downstream and separated by 727 nucleotides (Agzh¢. Alu-96 is
from the AluS family and has an inverted Alu element from the AluS faouigtéd 1543
nucleotides downstream (figure 4.2B). These Alu elements avepdified by RT-PCR
using nested primers designed such that the reverse primer \&tedlalownstream of
the first canonical RNA Pol Il termination site, encoded as ¢oasecutive thymines. In
total, 3 brain tissue samples and 1 spleen sample were used asoBiAs for editing
analysis. Donor information was unavailable for the first brammpéa All other donors
were males ages 34 and 82 for the other two brain tissue samptesge 74 for the
spleen sample. Only Alu-93 and Alu-96 were successfully amglly RT-PCR. Alu-
92, Alu-517a, and Alu517b were not successfully amplified using regtesxdard or
modified RT-PCR procedures.

Alu-93 undergoes basal level A-to-I RNA Editing

Amplification of Alu-93 yielded a PCR product 375 nucleotides imgtlen The

genomic sequence of Alu-93 is 179 nucleotides in length between theinggof the
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central-A track and the end of the poly-A tail. 57 total adenosineotités are present,
with 14 adenosines located in the central-A track, 30 adenosindse imight-arm
excluding the two poly-A regions (RAX-A), and 13 adenosines preseheipoly-A tail.
Due to primer design and difficulties derived from inefficiergusncing of the central-A
track, only the right arm of Alu-93 was inspected for A-to-I RNA editing.

Sanger sequencing of the initial RT-PCR product of Alu-93 did em¢al any
evidence of A-to-l RNA editing. Since Sanger sequencing canmoraely measure
editing below 10%, a single transcript analysis protocol was tasgdin more detailed
information. In total, 196 subcloned sequences from brain donor-1 were exhadyrd
total nucleotide mismatches (N/N) between gDNA and cDNA wecerded (figure 4.3).
39 A/G mismatches were observed in total, with 30 A/G mismatokated in the RAX-
A region, and 9 A/G mismatches located in the poly-A tail.

Total A/G mismatches in the RAX-A region was significaritigher (p=0.001)
than the calculated error rate of 3.9 A/N mismatches. Thes este was calculated
based on the error rates of the reverse transcriptase and TacEdgmas well as the
number of PCR cycles used during RT-PCR amplification (Luciarad. €001). The
total number of A/G mismatches was also significantly highe0.@01) than those
observed in other N/N mismatch combinations as well as the td@lmismatches
(p=0.001) observed in a control sample of 50 subcloned sequences derived from
amplified genomic DNA (gDNA). The A/G mismatches in thisN\dbsample were the
only type of mismatch that significantly differed from eitlie® expected error rate or the

gDNA control.
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Given that these A/G mismatches are significantly higher tha expected error
rate as well as the external control, using gDNA, and intexortrol, comparing other
N/N mismatches, it is hypothesized that these A/G mismsitahe the result of A-to-I
RNA editing. However, since the total number of edited nucleotslss low relative to
the total sample size ( less than 1% editing), this will be termed basattitneg).

A-to-I RNA Editing isnot Randomly Distributed

A-to-I RNA editing was tabulated by nucleotide position relativehe start of
the central-A track in order to determine if any of theseauiitles are preferentially
edited (figure 4.4). The first nucleotide in the central-A traek wsed as the +1 position
since the entire left arm of Alu-93 was not amplified. Usimg strategy, the RAX-A
region begins at position 17 and ends at position 165. The poly-A tail ppaii®ns
166 to 179. Of the 30 adenosines present in RAX-A, 12 adenosines had an A/G
mismatch in at least one of the subcloned RT-PCR amplicons. dhayof these
nucleotides, position 146, had more than 2 A/G mismatches. This positioh5had
mismatches, which was significantly higher (p=0.05) than wouldxpbeated based on
random distribution. Interestingly, this site has an adenosine imrelydigistream and 2
nucleotides downstream, both of which are unfavorable for editing. dllgeAptail was
edited at 6 out of 13 adenosines. Editing was not enriched in this retatwea to RAX-
A. In addition, this region did not have any nucleotides that were preferentiaéiyl.edit

A sequence alignment was performed between the AluY consestpusnee, the
Alu-93 genomic sequence, and the cumulatively edited Alu-93 cDNA seq(emoe
4.5). Since inosine is interpreted as guanosine by much of the cetathinery, edited
adenosines were replaced by guanosines in the cDNA sequence itoogder a better

99



understanding of the structural ramifications of A-to-1 RNA iaditin Alu-93. There
were two notes of interest in relation to Alu retrotransposition thadability of CpG
dinucleotides present in Alu elements to undergo DNA methylatiirst, A-to-I RNA

editing generates five new CpG dinucleotides, including one in the ptady;Ahat were
not present in the gDNA sequence. 1 of the newly created CpG ditidekelocated in
the RAX-A region restores a CpG dinucleotide to the Alu-93 seguémt was lost
relative to the AluY consensus sequence. The other three newhed CpG
dinucleotides in the RAX-A region represent novel CpG dinucleotidesatieatbsent
from the AluY family consensus sequence. Such editing effecter o

retrotransposition provide a mechanism of maintaining high CpG dinuclemident in
Alu elements as they retrotranspose.

Analysis of A-to-I RNA editing by position indicates that aditis not randomly
distributed and that a single nucleotide within Alu-93 is preferentiallyckdite addition,
A-to-I RNA editing may play a role in maintaining, and possilgrecreating new, CpG
dinucleotides prior to retrotransposition.

Alu-96 undergoes C-to-U but not A-to-I RNA editing

Analysis of A-to-I RNA editing in additional brain samples and hoarspleen
provided different results. In 2 additional brain tissue samples,isGatches in both
Alu-93 and Alu-96 did not display any evidence of A-to-I RNA editirfgequencing of
the matched gDNA from one of the brain samples revealed ésemre of two SNPs in
the Alu-93 sequence. Analysis of RNA derived from human spleen dichoot any
evidence of A-to-l RNA editing in either Alu element. HoweverodJ editing was
prevalent in Alu-96. Alu elements have previously been shown to leelUCediting
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targets, and the family of enzymes responsible, APOBEC, has been ghbw active in
spleen (Bogerd et al. 2006, Chiu et al. 2006Greeve et al. 1998, Ta@@¥. Thus A-
to-1 RNA editing was limited in the selected Alu elemepésed on analysis in human
brain and spleen.
Discussion

This study investigated A-to-l RNA editing in transcriptithypaactive Alu
elementdn vivo. Using a filtering process, Alu elements previously descrdsebeing
transcriptionally active were selected based on their likelilmbdeing edited. Only one
Alu element, Alu-93 had any indication of A-to-l RNA editing. Otlfdu elements
selected for analysis either could not be amplified (Alu-925AFa, Alu517b) or did not
show any evidence of A-to- RNA editing (Alu-96). Editing inuM3 was observed at
basal levels in only one of the tested brain samples. Editing sns#mple was not
randomly distributed, with a significant preference for ediah@ne specific adenosine.
In addition, A-to-l RNA editing has the potential to create new Citicleotides or
restore CpG dinucleotides that had been lost relative to that laleat's family
consensus sequence This is especially significant in Alu atenikat are able to
retrotranspose. Testing of additional brain samples as wsjplasn did not reveal any
evidence of A-to-1 RNA editing in either Alu-93 or Alu-96, howevertocU editing was
observed in spleen in Alu-96. Brain and spleen were chosen as bsscesdue to their
relatively high levels of editing activity (Athanasiadis et al. 2004, Gan 20@6).

A-to-1 RNA editing of the two analyzed transcriptionallyigetAlu elements was
determined to be at basal levels. Comparison of A/G mismatchetetnal controls, an
external control, and a calculated error rate indicated that-IARNA editing was
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occurring in Alu-93 transcripts in one of the brain tissue sampldss error rate has
previously been described to as an estimatation of false pogitiaesay arise during
RT-PCR (Luciano et al. 2004). This error rate is also an overestimate of idaatohes
as this error calculation is an estimate all A/N misimag¢ not just A/G mismatches.
Accuracy of this error rate is demonstrated by comparison lodr atypes of N/N
mismatches as well as by comparison to A/G mismatches that arisesxteheal control
of sequenced gDNA PCR inserts. Neither control demonstrateghificant difference
from the estimated error rate. The total amount of editing observed veas 188l for the
population of adenosines inspected within Alu-93. This level of editing is cemisigith
basal level editing.

Such basal level editing may be more prevalent than previoustypatéid . A
2011 study published by the Maas and Lopresti groups used a bioinforswges to
identify A-to-I RNA editing throughout the transcriptome (Maasak 2011). High
numbers of adenosines edited at low levels were predicted bashad oomputational
alignment between the human genome and EST databases. This was supported by a 2009
study that identified widespread low level editing in the humamsétrgptome (Li et al.
2009). Gommans et al. 2009, previously hypothesized basal level editing as aedglecti
advantageous mechanism. They proposed that cells use A-to-1 &hiAgeat minimal
evolutionary cost to randomly probe RNA transcripts at low levelssearch of
unintentional benefits.

Analysis of A-to-I RNA editing by position indicated a singlgcleotide position
(position-146) was preferentially edited relative to other adenosingise Alu RNA
sequence. What makes this site additionally more interesting is the gres@adenosine
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nucleotides in the -1 and +2 positions relative to the editing si® adenosine
nucleotide at either position is generally considered unfavorable-forl RNA editing
(Athanasiadis et al. 2004, Kawahara et al. 2008, Lehman and Bass 200&yditlon,
editing analysis of 500 embedded inverted Alu repeats indicatddttits site is not
preferentially edited (Athanasiadis et al. 2004). The highemgdievels observed at
position-146 is suggestive of two different mechanisms. Firdtngdn transcriptionally
active Alu elements, and more specifically Alu-93, may havghyi different site-
selectivity when compared to editing in embedded Alu elementson8git has been
previously proposed that editing begins at a single editing nucledgo(Esstero et al.
2009). Promiscuous editing then proceeds from there in a unidirectionaémaHigher
levels of editing at position-146 is suggestive of this nucleotidevbehas a nucleation
site that then fails to initiate promiscuous editing at additional nucleotides.

A-to-l RNA editing provides a potentially interesting link between
retrotransposition and DNA methylation of Alu elements. DNA rylation targets CpG
dinucleotides present within CpG islands. This leads to a conformlatiterage in DNA
packaging, resulting in a reduction of gene expression in the surrowgeingic region.
Due to their high CpG content, Alu elements often constitute Cp@dsla(Cho et al.
2007, Kang et al. 2006). This is supported by their increased presearcide promoter
regions of protein coding genes (Grover et al. 2003, Polak and DomanyT200§0s
and Rigoutsos 2009). As Alu elements retrotranspose, they are pghtentraducing
new DNA methylation sites into the genome. This greatly expdmeis regulatory

impact on gene expression.
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A-to-I RNA editing may target Alu transcripts prior to mtansposition (figure
4.6). Since inosine is interpreted as guanosine, editing priotratramsposition would
generate an A-to-G change from the parent Alu sequence to \thye metrotransposed
Alu element. This would act to preserve high levels of CpG dinugésothat may have
been lost, and may additionally introduce new CpG dinucleotides thabapresent in
the Alu consensus sequence. This was supported by the observationimf edit
introducing 5 new CpG dinucleotides in the cumulative construction ohgdittes in
Alu-93 that were not present in the Alu-93 gDNA sequence (figure 4b¢ prevalence
of such a process may be high since it has been previously destexhs$krat cytosine is
strongly favored at the -1 nucleotide position relative to A-BNA editing sites
(Athanasiadis et al. 2004, Kawahara et al. 2008, Lehman and Bass 30@h)a process
would greatly increase the impact A-to-I RNA editing has hadhenevolution of the
human genome.

Additionally, A-to- RNA editing may inhibit Alu retrotranspositigfigure 4.6).
ADAR activity has previously been shown to inhibit miRNA proaegdiy binding to
and sequestering pri- and pre-miRNA away from Drosha and Driespectively
(Kawahara et al. 2005, Kawahara et al. 2008, Yang et al. 2006). EdinmiRNA may
influence the secondary structure, and thus binding kinetics to DanshBicer. ADAR
activity may regulate Alu retrotransposition in a similahfans, first by sequestering Alu
elements away from L1 reverse transcriptase, then by cliatiggnRNA sequence and
secondary structure through A-to-l RNA editing. A key region ssmg for
retrotransposition is the poly-A tail (Comeaux et al. 2009, Dewainra@alxHeidmann
2005). This region is involved in the template switching mechanisimaf@RT and as
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such requires a certain minimal length and homogeneity to enabieeraff
retrotransposition.  A-to-l RNA editing provides a mechanism ofudishg the
continuity of the poly-A tail, and thus may negatively impact Alu retrotransposit

The appearance of C-to-U editing in the spleen sample wasetissurprising.
C-to-U editing is catalyzed by the APOBEC family of ymes (Kim et al. 2010, Rausch
et al. 2009, Tan et al. 2010). These enzymes are single strandediRdNiAg proteins
that can associate with transcripts derived from repetitivaeries and lead to a decrease
in retrotransposition activity (Bogerd et al. 2006, Chiu et al. 2006, &imal. 2010,
Rausch et al. 2009, Tan et al. 2010). This effect has previously bewmsteated on
Alu retrotransposition. APOBEC represent a mechanism of ragglxanscriptionally
active Alu elements.

A-to-1 RNA editing itself may provide a mechanism of reging other functions
of transcriptionally active Alu elements. Transcribed Alu eleiméave previously been
shown to regulate both transcription and translatiotrans (Hasler and Strub 2006,
Mariner et al. 2008, Rubin et al. 2002, Wagner et al. 2009). These mecharsm
mediated through specific regions of the Alu element that maictitain secondary
structure characteristics. A-to-l RNA editing could reqildtese processes by altering
the secondary structure of these specific regions, therebyctimpaAlu directed
regulation of transcription and translation.

The differences in editing levels between the different iddiais could be due to
a number of factors. The manner of death, the time between deatbsaredsampling,
the region of the brain that was sampled, as well as tissuggst conditions prior to
RNA extraction were all unknown. The health and dietary habitsabf @anor prior to
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death were also unknown. Region specific differences in editiag Ipe the most
significant of these factors influencing A-to-I RNA editinghough the highest levels of
A-to-1 RNA editing is observed in the brain, editing levelSeadibetween different sub-
regions (Athanasiadis et al. 2004, Gan et al. 2006, Kawahara2€08). For example,
editing in the cerebellum is significantly higher than the oéshe brain (Athanasiadis et
al. 2004). A-to-I RNA editing has also been shown to be lower inrewhdtter than in
grey matter due to decreased ADAR2 expression in white ni{terahara et al. 2003).
In addition, other environmental factors may play a role. A 2012 sifidyto-1 RNA
editing in different species of octopus showed a near linear iecigad-to-l RNA
editing as ocean temperature decreased (Garrett and Rosenthal 2@&)er
environmental factors besides temperature may also influence A-to-1 Riidge

Known information about the tissue donors was limited to age and geAeer!
RNA editing was observed only in Alu-93, albeit at a low level, and from onlygloner.
Information about this donor was unavailable. All known donors were male and ranged in
age from 34 to 82 years old. Since editing has previously been shownytittar
respect to age in a target specific manner, it may befthatnknown regulatory reasons,
these Alu elements are no longer favorable editing targéte imale brain after a certain
age threshold (Nicholas et al. 2009). In addition, recent resultstherh000 Genome
Project show that A-to-l RNA editing activity can vary sigrantly between different
individuals (Li et al. 2011).

Finally, of the over 1 million Alu elements present in the human genomy
two transcriptionally active Alu elements were sequenced. Thavglelels of A-to-I
RNA editing were observed in one instance, this may not be thewitis®ther Alu
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elements, and should not be extrapolated as a description of RN#lediting in all
transcriptionally active Alu elements. Only with the samplricga wider number of
transcriptionally active Alu elements could more definitive conclusions bendra

This investigation of A-to- RNA editing in transcriptionallgteve Alu elements
expressedn vivo showed A-to-1 RNA editing in one Alu element. Though editing was
determined to be at a basal level, analysis of editing in thigscyar Alu element
revealed evidence of preferential editing at a specific ademosin addition, editing
demonstrated the ability to generate new CpG dinucleotides, shouldlwhisanscript

retrotranspose.
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Primer Primer Sequence

92-1D GAGGATCCCCAGCACTTTGGGAGGCCAAGGCG
92-2U CTTCTTCTGGACTGTGAACCAG

92-3U GTAACTGCAGCAATGATTCTCTTCTCCTTGCCAG
93-1D ATGAATTCGCACTTTGGGAGGCTGAGGCAAGTAG
93-2U GCTGAGACCTGTTCTATTCCACTAAC

93-3U ATGGTACCCTCTGTGTCCCCAAGTTGTATAATTC
96-1D ATGAATTCGCACTTTGGGAGACCAAAGCAGGAAG
96-2U CATAGTGCAACCTGTGACATAGTCC

96-3U- ATGGTACCCACCCTACCACTACTTCTAGGATTTC
AluS17a-1D | 6 AGGATCOCCAGCTACTCAGGAGGCTGACG
Alud17a-2U | 1 AACTGCAGATCTTGGTGGAAGGTGCTATCC
ASITB-ID | 6 AGGATCOGTGGATCACGAGGTCAGGAGATCG
AlUSL7b-2U | T AACTGCAGCTTGAGCCCAAGAGATCTCGGTTGG

Table 3 — Table of Primers
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Literature Search
* 87 Alu Elements

No other gene at
that location in
same direction

* 82 Alu Elements

Inverted Alu
Downstream
* 9 Alu Elements

Unique
Sequence
Downstream
* 5 Alu Elements

Figure 4.1 — Flow chart of the Alu Selection Screen. Followleginitial identification
of transcriptionally active Alu elements by literature skadu elements were manually
examined using the UCSC Genome Browser. The filters were designed teawdyAlu
elements that could be specifically targeted by RT-PCR, anch#itha relatively high
chance of being A-to-I RNA editing targets.
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Figure 4.2 — Genomic Structure Surrounding Two Transcriptionally Acthe
Elements. The UCSC Genome browser displays A) Alu-93 and BP&lyred) along
with the nearest inverted Alu element (blue) located downstr&ath Alu elements co-
localize with a gene (green) that is expressed in the antisimestion relative to Alu
expression.
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Figure 4.3 - Basal level A-to-1 RNA editing is observed in-83. RT-PCR amplicons
from cDNA and PCR amplicons from gDNA were subcloned into pBSoveand
sequenced using the Sanger sequencing method. All observed N/Nichiessriaetween

the genomic sequence and subcloned sequences were recorded and compared to
estimated number of A/N errors that are expected to occur during RT-PCR.
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Figure 4.4 — A-to-1 RNA editing analysis of Alu-93 by nuclédetiposition. Cumulative
editing was plotted by nucleotide position. Only A-to-l RNA edjtiis displayed.
Counting began at the first nucleotide of the central-A tracke ddmtral-A track spans
nucleotides 1-16. RAX-A spans positions 17-165. The poly-A tail sparisotides
166-179.
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CLUSTAL 2.0.8 multiple sequence alignment

AluY consensus
Alu93 genomic
Alu93 cDNA

AluY consensus
Alu93 genomic
Alu93 cDNA

AluY consensus
Alu93 genomic
AluY93 cDNA

AluY consensus
Alu93 genomic
AluY93 cDNA

ARAAA-TACAAAAAA-TTAGCOCGGGECGT GET GOCGGGCGCCTGT AGT C
AAAAAACACAAAAAAAT TAGCCGGET GT GET GGCGAGCACCTGT GGTC
AAAAPAACACAAAAAPAT TAGCCGGET GT GGT GGCGAGCACCTGT GGTC
Aohkhkhkhk  hhkhkhkhhkhhk hhkhkhkhhhhhk Ahkhkhhkhhhhk khk hhhhh  kokohoafk

GA GAGCAGGAGAATGGCGT GAACCCG( GGAGCT TGCAGT GAGOQGAGHAT
GA GAGHCAGGAGAATGGCGT GAACCT GGAGGCGGAGCT TGCAGT GAGC AC
GA GAGHCGGGGEEEGECET GAACCT GYGGHECEGAGCT TGCAGT GAGT AC

Aohkh Mk ok ok Mokkok ok ok hkkokoh ks

CGCGCCACTRCACT CCAQCAGT COGGCCT GGGOGACAGAGCGAGACT CTGTCTCA-———-
TGCGCCACTECACTCCAQC - ——————— CTGEGCAACAGAGCGAGACT CCATCT CHAAAAR
TGCGCCACTFCGCTCCGHC— === =——~ CTGGGCAGCAGGGCGAGACT CCATCT CA E

Kkkhhkhkhkkhk Ak Ahkkk Afk ek ok kk ok khkk khhkk Ahkhkk K Aok kY

ARCANARM
GACGAAAG

179/297
179/297

58/ 178
60/178
60/ 178

118/238
119/237
118/237

173/293
171/289
171/289
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Figure 4.5 — Sequence Alignment of Alu-93 cDNA, gDNA, and AluY ilrrmonsensus
sequence. The fully edited cDNA sequence for Alu-93 containingdattd nucleotides
is aligned to the Alu-93 genomic sequence and the AluY family osnsesequence.
Edited nucleotides are underlined and boxed in red in order to highlighiaba&tion.
CpG dinucleotides are highlighted within the family consensus segue@nly the
central-A track, Alu right arm, and poly-A tail are shown. Nucleotide positiore atrtd
of the column are relative to the start of the central-ékt{érst number) and the start of
the Alu element (second number).
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Figure 4.6 — A model of A-to-I RNA editing during Alu retrotranspiosi. A model of

how A-to-l RNA editing in transcriptionally active Alu elementsay impact
retrotransposition. ADAR activity may alter the Alu sequeleegling to introduction of
guanosine in newly retrotransposed Alu elements. AlternatisdDAR activity may

influence the retrotransposition process.
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Chapter 5

Closing Remarks And Future Directions
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Alu elements are major A-to-1 RNA editing targets within thenan genome.
However, analysis of editing within Alu elements has beendinio those present as
inverted Alu repeats embedded within larger genes expressedlAyPol Il. The goal
of this dissertation was to expand our knowledge of known editing sai@eiclude Alu
elements expressed by RNA Pol Ill. The implications for rglith these targets include
the impact of A-to-1 RNA editing on human evolution, on Alu function axRNA, and
on regulation of A-to-1 RNA editing.

The experimental strategy to studying A-to-l RNA editimgy RNA Pol Il
transcripts had three key steps that each provided differemmiafion. The first step
was the development of expression constructs that expressed a knowiu moite-I
RNA editing target under either an RNA Pol Il or RNA Pol piomoter. This
demonstrated that RNA Pol Il transcripts undergo A-to-1 RNAtiegliby ADARS.
Comparison of A-to-1 RNA editing between these constructs dsawéh the presence of
either overexpressed ADAR1 or ADAR2 showed that RNA Pol |l esgaé targets were
more highly edited relative to RNA Pol Il expressed editingdts. The R/G editing
target was also more highly edited in the presence of ADAR2 compared to ADAR1 unde
both RNA Pol Il and RNA Pol IIl expression. Finally, a partidietien of RNA Pol Il
CTD increased A-to-I RNA editing by ADAR1, though this increases marginal.
Editing by ADAR2 was unaffected by the partial CTD deletion, t@rained high
(above 90% editing). These experiments indicate that ADARs argependent on an
interaction with RNA Pol Il to function and that a significantoamt of editing can occur

post-transcriptionally rather than co-transcriptionally.
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The second step was to use the RNA Pol Il and RNA Pol Il egjane constructs
to better understand A-to-l RNA editing of Alu elements. Alengnts were
promiscuously edited, but only if an inverted Alu element was présehe transcript.
This was observed independent of the kind of polymerase responsityen&uription as
well as overexpression of ADARL or ADAR2. Inverted Alu pairs esped by RNA Pol
[l were promiscuously edited similar to editing observed in emlkdda elements
(Athanasiadis et al. 2004, Peng et al. 2012).

The final goal was to observe A-to-I RNA editing in transarimdlly active Alu
elements expressed vivo. This was done by first identifying individual Alu elements
previously shown to be transcriptionally active. Next, usingterfprocess, these Alu
elements were screened for the likelihood of forming dsRNA, fandeasibility of
specific amplification. The selected Alu elements were thdividually examined by
RT-PCR and single transcript analysis using RNA derived fritherehuman brain or
spleen from different individuals. Only one brain tissue sampj#ayisd evidence of A-
to-1 RNA editing. Though editing was occurred at a basall,lenee nucleotide was
preferentially edited.

These experiments provide interesting insights into differeptdasf A-to-1 RNA
editing. The experiments using the R/G site from GluR-B denairdtthat RNA Pol Il
transcripts can undergo ADAR directed A-to-1 RNA editing. ™&s supported by the
inverted Alu elements expressed by RNA Pol Il being editededls While both targets
were edited, these two experiments provide an interesting compaimsenthe R/G site
provides a study of editing efficiency while Alu elements banused to understand
editing site selectivity.
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Editing site selectivity is the targeting of ADARS to pele adenosines but not
others throughout a dsRNA molecule, while editing efficiency isatheunt of editing
that takes place at an individual adenosine. In a broad sense, effiogncy and
editing site selectivity are separate events and are inyarsgkelated (Gommans et al.
2008, Kallman et al. 2003). The most efficiently edited RNA satesty such as the Q/R
site from GluR-B tend to be edited at a lower number of sitedevgmomiscuously
edited sequences tend to display lower editing efficiency onegbwgisite basis. For
example, the Q/R site from GIuR-B is edited at only one adenoBireis edited to
almost 100% in human brain tissue, while a survey of embedded Alurgtestowed
that Alu elements can be edited at multiple sites and thanhgdfficiency ranged
between less that 1% to greater than 70% at individual adenositiengaiadis et al.
2004, Higuchi et al. 1993). These generalities were observed inRbddPol Il and
RNA Pol Ill transcripts, however, RNA Pol Il transcripts were moreieffitly edited.

Overexpression of ADARL1 in the R/G studies indicated that ADAR dhmd
target the R/G site when it is expressed by RNA Pol This was not the case with
inverted Alu repeats, in which promiscuous editing was observed regmuafi¢he type
of ADAR overexpressed. This indicates that the editing effogieim RNA Pol 11l
transcripts by ADAR1 is dependent on the ability of ADAR1 to tariet editing
substrate. It has previously been shown that RNA Pol Il CTD asere editing
efficiency by ADAR2 when the editing substrate contains aegiie (Bratt and Ohman
2003, Laurnecikiene et al. 2006, Ryman et al. 2007). It is possible thatFRNIA helps
to promote ADAR1 editing efficiency at the R/G site as wélough partial deletion of
the RNA Pol Il CTD resulted in an increase in ADAR1 directétARediting, full CTD
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deletion may be necessary to see larger changes in RNAgeefiticiency. This increase
was significant at p=0.05 but not p=0.025, indicating this change in editang be
marginal at best, or perhaps not significant with larger samspes. While the
interaction between the CTD and ADAR1 has not previously been publishuilar
studies have been performed with ADAR2 (Laurnecikiene et al. 2006amRh al.
2007). Both my results and previous work demonstrate that partial CléDodedoes
not influence ADAR2 activity when a splice is absent from the double stranded.regi

The full role of RNA Pol Il in directing A-to-1 RNA editmis difficult to define.
Previous CTD deletion studies have demonstrated a role by the RNA €TD in
coordinating editing by ADAR2 with splicing (Bratt and Ohman 2003, hecikiene et
al. 2006, Ryman et al. 2007). These studies have indicated difeffengs by the CTD
in regulating editing. This may depend on the location of the exwmintinction
relative to the dsRNA region. Further increasing the diffjcuit understanding this
coordinating role is the lack of data from ADAR and RNA Pol Il co-IP studaswould
demonstrate a direct interaction between the two (Nishikura 2005 indicates that
ADAR2 may be transiently associated with RNA Pol Il duriranscription rather than
directly associated. This is in contrast to other co-trgoismnial modifications, such as
RNA splicing, in which partial deletion of heptads 26-52 impairectsygiefficiency, or
RNA capping, in which capping enzymes have been shown to asssitfateeptads 26-
52 of the RNA Pol Il CTD (Fong and Bentley 2001).

Previous research has indicated that editing site selecindyediting efficiency
are influenced by a combination of the ability of ADAR to bindtsosubstrate and the
localized sequence and structure surrounding the editing site (Kakmnal. 2003,
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Ohman et al. 2000, Stefl et al. 2010, Xu et al. 2006). My results iedicat the type of
polymerase responsible for transcription may also influence gditficiency but not site
selectivity. Editing at the R/G site was higher in RR#I Il transcripts relative to RNA
Pol Il transcripts when ADAR1 or ADAR2 was overexpressed. irugates either a
coordinating role by RNA Pol Il or a better ability by the AR enzymes to recognize
RNA Pol Il transcripts based on the presence of modificationk,asia 5’ cap or poly-A
tail, that are specific to RNA Pol Il transcripts. The coortlearole of RNA Pol Il is
supported by the observation that ADARL overexpression increased eadifRidA Pol

Il transcripts but not RNA Pol Il transcripts. However, praru@sus editing was
observed in the Alu repeats, regardless of the manner of trar@mtrgptoverexpression
of ADAR1 or ADAR2. This indicates that editing efficiency niag partially dependent
on the type of polymerase, factors involved in transcription, or presehother RNA
modifications, while editing site selectivity may be inheremégulated by the ADAR
enzymes themselves, as well as the substrate sequence and sestmdarre. An
interesting experiment to test this hypothesis would bi@ &itro titration experiment in
which the RNA editing targets differ by the presence or aleseha 5’ cap and poly-A
tail, structures that are prevalent in RNA Pol Il transcr{ptsderson 2005, Kapp and
Loerrsh 2004).

Differences in editing between Alu elements expressed lincakure versus
transcriptionally active Alu elements studied vivo provides another interesting
comparison.  While a single Alu element was not edited incoétire, inverted Alu
pairs were promiscuously edited when expressed by either RNA &oRNA Pol lll.
However, transcriptionally active Alu elements were not promiscyoedited and
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displayed basal level editingp vivo. This disparity is likely due to the manner of
expression. The experiments performed in cell culture used anARNA promoter to
drive expression of the inverted Alu pairs. Tihevivo studies did not investigate either
the level of transcription, or how often the nearest downstreantaavatu element was
present within the transcript. Inclusion levels were just oneswdral possible factors
potentially impacting A-to- RNA editing. The RT-PCR expeents performed here do
not provide information about the quantity of RNA that is present. QaawtitRT-PCR
and northern blot analysis could be used to address this issue.

Another potential factor is the selective degradation of highly e@dit
transcriptionally active Alu elemenits vivo. Tudor SN is a nuclease that targets inosine
containing RNA molecules for degradation (Scadden 2005, Scadden 2007). RNA
molecules containing higher amounts of inosine are more highly tdrgéteaddition,
piRNA are short RNA molecules that selective target repetielements via a
mechanism involving the RISC complex. piRNA may also be involveddocing the
guantity of Alu RNA. It is possible that low expression levelshaf inverted Alu pair
combined with selective degradation of promiscuously edited Alu elsnoembined to
result in the observation of basal level editing in transcriptiorzedtive Alu elementn
Vivo.

In addition, there were other factors in the vivo study that could have
contributed to the low editing levels that were observed. The ttksu@s were all male,
but were of different ages. There was also no information reggitagnmanner of death,
the amount of time between death and tissue sampling or tissueingarmpd RNA
extraction, or the region of the brain sampled from each individualaddition, this
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study was limited by the starting pool of transcriptionallyveci#lu elements. Of the
more than 1 million Alu elements present in the genome, only 8& weluded in the
Alu screen, and only 2 Alu elements reached the point of transaaptsss. So while
basal level editing was observed in one instance, this should nottia@obxted to
describe editing in all transcriptionally active Alu elements.
Implications of A-to-I RNA editing on Alu Retrotransposition and Human Genome
Evolution

Transcriptionally active Alu elements are responsible for stpamsion of Alu
elements throughout the human genome (Bennett et al. 2008, Dewanni@€u0&3a
This has enabled Alu elements to play a significant role in shapeguman genome
(IHGSC 2001). A-to-1 RNA editing could impact the rate of Altragransposition and
can change the sequence that retrotransposes. This implictbels PNA editing as
having a significant role in the evolution of the human genome.

Alu elements retrotranspose via an L1 directed retrotransposition prodessetha
Alu RNA as a template (Dewannieux et al. 2003). This prooasisl e influenced by
A-to-1 RNA editing in a number of ways. The influence A-tRNA editing has on
MiRNA processing serves as a model of how editing could impacteMotransposition.
MIiRNA processing is inhibited by ADAR in both editing dependent adting
independent mechanisms (Kawahara et al. 2007, Kawahara et al. 200&t 6arP06).
Editing dependent mechanisms rely on the effect editing has @etbadary structure
of pri- and pre-miRNA. A-to-l RNA editing can destabilirese secondary by changing

the base pairing within the dsRNA region, which affects miRNécessing. Editing
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independent mechanisms rely on ADAR competing with Drosha and forceubstrates,
reducing the amount of pri- and pre-miRNA available for processing.

Editing dependent influences on Alu retrotransposition rates wouldtzike
influence the interaction between edited Alu elements and SRP9/14. hitheugpecific
role of SRP9/14 during Alu retrotransposition is unclear, it is thougbetinvolved in
helping to recruit Alu RNA to the ribosome as L1 Orf2 is tratesl. (Bennett et al.
2008). This enables Alu elements to recruit newly translated EA @oteins for Alu
retrotransposition. The Alu-SRP9/14 interaction is dependent on consec@tiary
structure in the Alu left and right arms (Bennett et al. 2008,afasld Strub 2006, Huck
et al. 2004, Sarrowa et al. 1997). Changes in the Alu left and rightaarralter the base
pairing properties of Alu RNA, leading to impaired binding by SRR and a reduction
in Alu retrotransposition (Bennett et al. 2008). Just as A-thiARditing can influence
mMiRNA binding by Drosha and Dicer, editing could also influence AheSRP9/14
interaction by affecting the conserved Alu structures involved inirtteraction with
SRP9/14.

An editing independent mechanism in which ADAR binding could influence
retrotransposition may be similar to the impact the APOBEC3ilyfaof cytidine
deaminases have on Alu retrotransposition. APOBEC3 can bind and sedlieR&rA
away from the retrotransposition machinery, thereby inhibiting #trotransposition
(Bogerd et al. 2006, Chiu et al. 2006). ADAR binding may have dasisequestration
impact. There are several mechanisms that act to represgetidtransposition (Bogerd
et al. 2006, Chiu et al. 2006, Kochanek et al. 1995, Liu et al. 1994, Lukic andChen
Muiznieks and Doerfler 1994). These include transcriptional regalgtiRNA directed
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Alu RNA degradation, and sequestration by APOBEC3. ADAR binding o A
transcripts may be an additional regulatory mechanism that aidgpressing Alu
retrotransposition.

Even if A-to-I RNA editing does not impact Alu retrotranspasitrates, editing
may provide a mechanism of altering the Alu sequence that regtspbses. For
example, Alu elements have high C/G content and are enriched fodidp8eotides
(Cho et al. 2007, Kang et al. 2006). Since inosine is interpreted assjus, A-to-|
RNA editing provides a mechanism of generating new CpG dinucledbyesditing
adenosines prior to retrotransposition. Since DNA methylation of dip(leotides is
an important mechanism of epigenetic regulation, the enriched pees#n€pG
dinucleotides in Alu elements allows for altered regulation of esgion in the new
genomic regions into which Alu elements retrotranspose (8atlial. 2011, Hellmann-
Blumberg et al. 1993).

A-to-1 RNA editing may also impact the identification @usce genes, or master
genes, responsible for Alu retrotransposition. Alu retrotranspositiohumans is
currently only seen in the AluY family (Britten et al. 1988, Degar and Slagel 1998).
This is supported by Alu insertion polymorphisms present among ehtfendividuals
(Styles and Brookfield 2007, Cordaux et al. 2006, Liu et al. 2009, Xirgd. €2007).
These Alu polymorphisms have intact RNA Pol Il promoter elemientise left arm and
long poly-A tails, two structures necessary for retrotransposiidennett et al. 2008,
Dewannieux and Heidmann 2005). A majority of Alu elements in the hg®@ome
lack conservation of either one or both of these structures, indi¢thihthey are unable
to retrotranspose (Batzer et al. 1996, Bennett et al. 2008, Comealu@®9). This has
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led to the hypothesis that Alu retrotransposons are derived frotatiaely small group
of master genes (Britten et al. 1988, Britten et al. 1989). Tdueesee variation among
different Alu polymorphisms has led to the hypothesis that thereraltiple master
genes (Deininger and Slagel 1998). A-to-l RNA editing mégcathe search for these
master genes since editing could potentially alter the Algquesgce prior to
retrotransposition. This increases the difficulty involved with idgnty the specific
master gene, since any guanosine present in the newly ingdrtedlement could
potentially be due to A-to-I RNA editing.
A-to-I RNA Editing and Alu Derived IncRNA

Another potential impact A-to-l RNA editing could have on transanyatily
active Alu elements is by regulating the functions of Alu\aatiincRNA. IncRNA are
functional non-protein coding RNA molecules longer than 200 nucleotides i(€ahll
2011, Loewer 2010). In the case of Alu RNA, this includes interactidhsRNA Pol I
following cell stress to selectively decrease transcrip@gsspciation with the SRP9/14
and the ribosome to modulate translation activity, and regulation of @qession
through interactions between IncCRNA and complementary RNA or DNAlesEes
(Hasler and Strub 2006, Mariner et al. 2008, Pandey et al. 2011, Rubin2€032).
Wagner et al. 2010). All of these functions share the characesisAlu elements
behaving as global regulators of gene expressitrairs

Expression of transcriptionally active Alu elements increédésving cell stress
(Li and Schmid 2001, Liu et al. 1995, Panning and Smiley 1995, Rudin and Thompson
2001). Alu RNAs can then interact with RNA Pol Il to decresaasestcription of non-cell
stress response genes (Mariner et al. 2008). The RNA Pahdctiption factor TFIIF is
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involved in preventing the Alu-RNA Pol Il interaction at promoteriorg of genes
whose expression levels do not decrease following cell stregm@iNat al. 2009). A-to-
| RNA editing could impact this regulatory process in two waysrst, A-to-l RNA
editing may influence the Alu/RNA Pol Il interaction by charg the Alu sequence and
potentially the Alu secondary structure. Specifically, a cveskrepression domain in
the Alu right arm may be altered, affecting this represtimctionality (Mariner et al.
2008,Wagner et al. 2009). Second, structural changes caused by A-to-edtiAy
could alter the ability of TFIIF to disrupt the Alu/RNA Polititeraction. This could be
by a mechanism by which editing alters the Alu-RNA Pol Il interactiomebyechanging
the influence TFIIF has on the Alu/RNA Pol Il association.

A-to-1 RNA editing may have a similar influence on the abibfyAlu RNA to
interact with both SRP9/14 and the ribosome to regulate translatioans Alu RNA
by itself can interact with the ribosome, leading to an incregaseporter gene expression
(Hasler and Strub 2006, Rubin et al. 2002). However, Alu RNA canirgls@act with
SRP9/14 (Bovia et al. 1997, Hsu et al. 1995). This complex can then further inténact wi
the ribosome leading to a decrease in translation initiationldHasd Strub 2006).
While the Alu/SRP9/14 interaction can occur between either thdeM or right arms,
the Alu-ribosome interaction is dependent on the Alu right arm onlo-IARNA editing
may participate in this regulatory process through both editipgrdkent and editing
independent mechanisms.

In the editing dependent mechanism, A-to-l RNA editing would chimgelu
sequence, thereby disrupting base pairing and dsRNA structutes Aiu RNA. This
could reduce the ability of the Alu right arm to interact with lbesome. This would
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decrease the activity of Alu RNA to enhance translation. White-I RNA editing
could also disrupt the formation of the Alu/SRP9/14 complex, thissk likely since
each arm of the Alu RNA can participate in this interaction.

An editing independent mechanism would likely have a net inhibitorygtedie
translation. ADARs would compete with SRP9/14 and the ribosomeridimigi to Alu
RNA. This would reduce the number of Alu/SRP9/14 and Alu/ribosome ititaradoy
reducing the availability of Alu RNA. However, since Alu/SRP9¢bfnplex formation
is achieved through binding to either of two regions in the Almetg versus one for the
Alu/ribosome interaction, ADAR binding to Alu RNA may more sigrahtly impact the
Alu/ribosome interaction (Hasler and Strub 2006). This would resalinet decrease in
translational activity when ADAR concentrations in the cell are high.

Finally, the ability of Alu RNA to regulate expression of compdetary
sequences could also be influenced by A-to-I RNA editing. Alu RIXpressed in an
antisense direction relative to another gene enables binding beteegriementary
sequences and can result in a decrease in the transcript léweltafget gene (Gong and
Maquat 2011, Pandey et al. 2011). Similar to the influence editingpmagsiRNA
function, editing of transcriptionally active Alu elements could redtaraplementarity
to one gene while increasing complementarity to another, thel&dng which genes
are regulated by the edited Alu RNA.

Future Directions

This dissertation has laid a foundation for future study by denabingfrthat A-
to-1 RNA editing can target RNA Pol Il transcripts in gaeleand more specifically
transcriptionally active Alu elements. To further understand tpafiance of A-to-I
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RNA editing in transcriptionally active Alu elements, | am propgsiwo general
experimental ideas. The first is the use of a cell culaygem to study cellular
mechanisms regulated by A-to-I RNA editing of transcriptignattive Alu elements in
order to understand how A-to-I RNA editing influences Alu reaagposition. The
second is the use of high throughput sequencing selectively targetingipaomsally
active Alu RNA. This would allow for analysis of A-to-l édi within transcriptionally
active Alu elements on a large scale, allowing for a broadenstadeing of where and
when A-to-1 RNA editing targets these Alu transcripts.

The cell culture system would use stably transfected cellexwessing either
ADAR1 or ADAR2 in conjunction with both wild-type cells and the useR®AI to
knockdown ADAR activity. This would allow for an increased abilitystady how
ADAR impacts transcriptionally active Alu elements. This wioloé used in conjunction
with RNAI to investigate factors, such as Tudor SN, that mayentte the concentration
of edited transcriptionally active Alu elements within the celln addition, these
strategies could be used to gain a better understanding of the WapmattRNA editing
has in regulating the function of Alu derived IncRNA. These inclddie RNA
interactions with RNA Pol 1l, SRP9/14, and the ribosome as weth@asole of Alu
derived IncRNA in STAU-1 mediated decay of complementary RE88nQ and Maquat
2011, Hasler and Strub 2006, Mariner et al. 2008, Wagner et al. 2009). eltusltire
system would take advantage of an array of cell types. Thedsssary in order to
highlight differences that may occur on a cell type by tgle basis as well as to

understand the breadth of cell types in which these processes are impacted.
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Another important process that could be studied using these ce#isidiridu
retrotransposition. The marked Alu expression vector developed byyrHieldmann’s
lab could be used to gain a better understanding of how A-to-I RNAgdiitfluences
Alu retrotransposition rates as well as the Alu sequencedtratransposes (Comeaux et
al. 2009, Dewannieux et al. 2003). This marked Alu expression vector \eeuld
modified to include an inverted Alu element located downstream eointarked Alu.
Differences in the number of drug resistant colonies would be wsedeasure the
influence A-to-I RNA editing has on the rate of retrotranspositiorhis would be
compared to controls that either lack the inverted Alu element, aelts in which
ADAR function has been knocked down. Furthermore, the level of A-fdA Bditing
could be compared between marked Alu RNA and newly retrotransposeteilents to
determine the relative rate at which the edited Alu sequetrogramsposes. This would
be extremely beneficial in gaining an understanding of the totphct A-to-I RNA
editing has on Alu retrotransposition.

The second future direction involves the use of high throughput sequéacing
understand A-to-l RNA editing in transcriptionally active Alu neénts in vivo.
Development of high throughput sequencing that specifically targets&RANIA depends
on two things (Li and Schmidt 2001). First, due to the high sequence \catier
present in the over 1 million Alu elements in the human genome thargreat difficulty
involved in properly annotating individual Alu transcripts to their sowgeee. This
problem is compounded because A-to-1 RNA editing may additionady thie Alu RNA
sequence. There needs to be a mechanism in place that caicapeaifgn individual
Alu transcripts to their source gene in the human genome. Second,ebAtaeements
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can be expressed either by RNA Pol Il or RNA Pol Ill, theeeds to be a way to
differentiate these two species of Alu RNA. Addressing éhssues requires a
combination of database analysis and selection of the proper high thubsglpencing

method.

Transcriptionally active Alu elements are expressed by RNIAIl using internal
promoters that recruit RNA Pol Il to the transcription stée §lshiguro et al. 2002,
Kenneth et al. 2008). Transcription continues until it reaches a ti@rst termination
site encoded as four consecutive thymine nucleotides (Chu et al.99%t al. 1997,
Gunnery et al. 1999). The location of these termination sequencidgerédathe end of
the Alu element varies on an individual Alu gene basis (Borcheat @006, Gu et al.
2009, Li and Schmid 2001). The intervening region between the end of théeeAlens
and the transcription termination site is often a sequence thaigse to each individual
Alu locus. These unique regions could be used to address the issugnioigahlu
elements to their source gene.

The second issue of differentiating Alu transcripts based on theihod of
transcription would take advantage of differences in transcriptayh stes (Dieci et al.
2007, Li and Schmid 2001). Alu elements expressed by RNA Pol Il are embedded within
larger RNA molecules with transcription start sites locatedreg@s from the 5’end of
the Alu sequence. RNA Pol lll transcripts have start sitethea 5’'end of the Alu
element. The differences between these two transcriptions#ias could be used to
distinguish RNA Pol Il from RNA Pol Il transcripts.

The final step necessary for sequencing would be to choose a hogightput
strategy that provides sequence reads long enough to cover the spaanbthe 5’
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transcription start site and the 3’ unique sequence. High throughputsegueses
parallel sequencing of DNA that has been cut into uniformlydsimgments (Hall 2007,
Schuster 2008). Due to differences in sequencing strategiesntitb & these DNA
fragments (read lengths) varies depending on the strategy. 8gmethroughput
sequencing methods use strategies employing read lengthsrdheat 300 nucleotides.
These methods include Roche’s 454 pyrosequencing (300-500 nt read lengtAs), DN
nanoball sequencing (400-500 nt read lengths) by Complete Genomics,aeaifid P
Biosciences’ single molecule real time sequencing (SMRBO0O nt read lengths)
(Foquet et al. 2008, Margulies et al. 2005, Porreca 2010). Sequence oeddideas
aligned to the genome to identify nucleotide mismatches betwelA gidd cDNA that
arise due to A-to-I RNA editing. In addition, the number of sequesads would be
used to quantify expression on an individual Alu transcript basis.

This high throughput method could be used to study transcriptionalixe afii
elements from different tissues as well as in cell cultimo interesting cell populations
to study would be embryonic stem cells and germ cells. Thikiésto the potential
impact A-to-l RNA editing could have on the sequence of Alemeints able to
retrotranspose. In order for newly retrotransposed Alu elemeriis toherited by an
individual's offspring, retrotransposition would need to occur in eidmbryonic stem
cells that eventually differentiate into germ cells, or inngerells themselves which
eventually mature into either egg or sperm cells. Identiinadif A-to-I RNA editing in
transcriptionally active Alu elements in either of these pejpulations would raise the
possibility that A-to-l RNA editing is impacting the Alu sequenand thus human
genome evolution.
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