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SUMMARY

The human genome contains ~1.5% coding sequeiittethe remaining 98.5%
being non-coding [1]. The functional potentialtlé majority of this non-coding
sequence remains unknown. Much of this non-cositgience is derived from
transposable element (TE) sequences. These TErssEgIcOoNntain their own regulatory
information, e.g. promoter and transcription fadiording sites. Given the large number
of these sequences, over 4 million in the humamen it would be expected that the
regulatory information that they contain would afféhe expression of nearby genes.
This dissertation describes research that charaesathat alternation of and contribution
to the human transcriptome by non-coding elemamtfjding TE sequences.

Research advance Lhapter 2 evaluates the abundance of cis-natutisease
transcript (cis-NAT) promoters derived from TE irt&@ns within human genic loci. TE
sequences require their own promoters for transenpand previous examples of TE-
derived promoters are known. Here it is shown TiEasequences provide cis-NAT
promoters inside of human genes and that theseefikzedl cis-NAT promoters are more
common toward the 3’-end of genic loci.

Research advance 2n chapter 3, the presence of alternative promdters
human genes derived from endogenous retrovirus jERSértions is investigated
genome-wide. Paired-end diTag (PET) and Cap ArsabisGene Expression (CAGE)
data from mammary epithelial cell lines are usemlémtify transcripts of human genes
that are initiated from ERV sequences. The wodwshhere demonstrates that ERV

sequences have contributed promoters to over I#aht human genes.
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Research advance 3tn chapter 4, we review techniques for charaateyiz
transcription factor binding sites derived TE sew&s using ChlP-seq data. TE
sequences contain transcription factor bindinggité-BS) that they use for their own
transcription, as well as potentially harboringusages similar to other TFBS. The
spread of TE sequences in a host genome couldthage additional TFBS [2]. Such
novel TFBS could greatly affect the expressionednby host genes. However, the short
read length of ChiP-seq data necessitates spec@lwhen characterizing DNA-protein
interactions involving TE sequences. The methbdsva here are generally applicable
for characterizing TFBS derived from TE sequences.

Research advance 4n Chapter 5, the regulation of cis-NAT promotetivaty
via chromatin modification is characterized. Tlo&\aty of cis-NAT promoters is shown
to be correlated with the local presence of adtigghistone modifications.g.H3K9Ac,
and anti-correlated with the presence of the regpredH3K27Me3 modification [3, 4]. It
is also shown that the distribution of histone nfiodtions near promoters is very similar
to that of canonical promoters for protein codirges. Finally, the cis-NAT promoters
characterized are shown to be active in fewertgpls on average than promoters of
protein coding genes. The regulation of cis-NA®rpoters via chromatin modification
is indicative of the function of cis-NAT promotéarsthe human genome.

Research advance Ehapter 6 reviews instances in which ERV sequehaes
been shown to have an effect on the host trangmmipta epigenetic modification of the
ERV sequence. The control of ERV sequences viessjve epigenetic modifications
has the potential to lower the expression of hegeg near the ERV sequences. Several

studies reviewed demonstrate such effects of ERMesgces on the expression of nearby
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genes. Studies showing the converse, exampleR@§bearing activating epigenetic
marks positively affecting gene expression, are edgiewed. The studies reviewed here
demonstrate that the epigenetic modification of ES@guences has the potential to effect
host gene expression.

Research advance 6n chapter 7, the extent to which TE sequencesinvgane
loci terminate the transcription of human genes, the cell type-specificity of such
termination, are explored. TE sequences withiredeai are more often than not found
in the antisense orientation, likely resulting freeiection against sense insertions that
could terminate gene transcription. Utilizing hitfimtoughput PET data, many thousands
of alternative transcription termination sites () &rived from TE sequences (TE-TTS)
are characterized across eight human cell typée. rdlative strengths of TTS derived
from sense and antisense sequences as well agniffeE families are evaluated; TE-
TTS in the sense orientation are generally muadnger, and the different TE families
show substantial differences in the strength ofTTIES derived from them. We further
show that TE-TTS provide many highly cell type spedTS. These results
demonstrate that TE sequences have had a majot effehe expression of human genes

via the termination of transcription.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Eukaryotic genomes contain abundant non-coding DNA

Transposable elements (TE) are DNA sequences wiaied the ability to ‘transpose’ or
move about in the genome. There are four mainstgbd Es: SINEs, LINEs, LTR
elements and DNA transposons. The first threestypeve through in the genome via
retrotransposition where the element is first tcaibged into MRNA then reverse
transcribed and into the genome. The fourth typges by a ‘cut-and-paste’ mechanism
where the actual DNA sequence of the element iseddrom the genome and inserted
elsewhere. SINEs (short interspersed nuclear eleshare small TE sequences,
typically derived from non-coding RNAs,g.tunas, 7SL RNAs, etc. SINEs do not
encode any of the enzymes required for retrotragispo and instead rely on enzymes
encoded from other classes of TEs. LINEs (longrsgersed nuclear elements) are a
family of TEs which do encode enzymes necessargetootransposition; it is thought
that SINEs typically rely on LINE-encoded enzymessretrotransposition. LTR
elements are a class of TEs which have, on eitiebo&their internal sequences, long
terminal repeats, for which LTR elements are namBtese LTRs are direct repeats,
the 5’ LTR and 3’ LTR are identical. Like LINEdse TEs encode the enzymes and
other proteins required for their retrotranspositithough the process is substantially
different from LINEs.

Transposable elements (TEs) often make up a suiastiraction of non-coding

DNA in mammalian genomes. The human genome idyn8@% annotated TE



sequences [5]. However, a recent study suggestsniinch of the of remainder of the
human genome is composed of highly diverged TEessops, and that the human
genome may be as much as 69% TE sequence [6]xamnpde of the abundance of TE-
derived sequence in the human genome is showmgurd-i..1. Three human protein
coding genes (black) are present in this shorbrediowever they are dwarfed by the
number of TE sequences (grey). This region isyfagpresentative of the human
genome as a whole; the amount of sequence codirigifoan genes is vastly exceeded

by TE sequences.

Il Human genes Annotated TEs

kel fikde<d Pttt

SINE
LINE
LTR

DNA

Figure 1.1. The human genome is dense with TE sespces. Three human genes
(black) are present in the region. Various TE seges within the region from the four
TE classes are shown in grey.

In contrast to other species, there are relatif@lyactively transposing TE
families in the human genome [1, 7, 8]. Indeedy arfew specific subfamilies of the
Alu, L1 and SVA families are currently active irethuman genome [1]. Alu elements
are an active family of SINEs specific to the priemBneage, originating from the

expansion of a7SL RNA early in primate evolutidrhe modern family of Alu elements



has been extremely successful, expanding to ~1ldmtopies in the human genome [5,
9, 10]. L1 elements are an active family of LINBand throughout mammals, and
contribute 17% of the human genome [1, 5]. SVAsarelatively recent family of non-
coding TEs derived from a fusion of other TE fapsli SVAs are active, but rare; only
~4,500 copies are present in the human genome [hHddition to these families, there
are many thousands of sequences derived from anadly dead TE families in the
human genome. Mammalian Interspersed Repeats |MHREL2s are tRNA derived
SINEs and LINEs, respectively. Though both farsistéopped spreading some time ago,
many more of these sequences than expected haveteserved over evolutionary
time, suggesting that they have exapted to playesate for the host genome [12].
Importantly, these sequences contain regulatoryesezes to promote their own
transcription and spread. L1 elements containe¥ample, their own internal promoter
and terminator sequences [13, 14]. When insertddnior near to a host gene, these
regulatory sequences could drastically alter thedcription of the host gene.

Active TE Sequences can generate many additiompaesan a relatively short
evolutionary time. There are, for example, manys€guences which inserted after the
divergence between human and chimpanzee. Betwedruman and chimpanzee
genomes, there are over 9,000 TE insertions ladkioge genome or the other, and an
additional ~4,000 L1 insertions. Interestingly,il@fERVSs appear to be dead or near
dead in the human genome, several families havépied in the chimpanzee genome
yielding several hundred new insertions [1, 8].

The human-chimpanzee divergence was very receavdlutionary terms. The

differences in TE sequences are much greater oeggar evolutionary time. Human



and mouse have very different sets of active TW&ile the human genome contains
~1.2 million Alu sequences, the Alu family is neepent in the rodent lineage [1, 7].
While LTR elements are functionally dead in humahey are the most active TEs in
mouse, particularly the intracisternal-A partidiaR) family of ERVs. An example of
the dramatic differences in TE content between huara mouse is shown for the
CHRNAZ locus (Figure 1.2). It can be seen thatctbding exons of the CHRNA2 gene
(thick black blocks) are present in both species,the coding exons are located within
aligned regions (blue blocks). It is worth notihgt the annotated promoters from
human and mouse do not arise from homologous $e& below). For both the human
and mouse genomes, there are many large gaps atighenent representing sequences
not present in the other species; many of thess gagpdue solely to the presence of
lineage-specific TE sequences. For example, tijaighted TE sequence (red) resulted
from the insertion of a B2 element, a rodent-speédmily of SINEs, and it leads to a
gap in the alignment as there is no homologousesempiin the human genome. Being
lineage-specific, these TE sequences and whatéeet they have on the transcription
of host genes are also lineage-specific. Themnasiber of differences in the TE
sequence content between human and mouse, muchitifin coding loci, virtually
guarantees that TE sequences have altered geressiqor via non-coding means.
Indeed, many such examples are known, and fiveeoiorks in this dissertation add to

the known effects of TE sequences on gene expressio



I cHRNA2 [ Interspecies Alignment Annotated Repeats

Human [~ 1 — A .

s il j—

Mouse - HHEH -

Figure 1.2. Many TE sequences at the CHRNAZ2 locase lineage-specific.
Homologous annotated CHRNAZ2 transcripts (blackjnfttuman and mouse are shown
above regions which align between the two genofole® (blocks) and annotated TE
sequences within each genome (grey). A B2 irme(tied) in the rodent lineage
generated a rodent-specific genomic sequence irgguita gap in the alignment with the
human genome. There are many other lineage-spé¢ifisequences (grey) that
correspond to gaps in the human-mouse genome sagakgnment.

The human genome contains many functional non-codielements

There exists in the human genome a wide varietysarety large number of non-coding
elements that influence gene transcription. Thehaeisms by which these non-coding
elements influence transcription are equally vari€dis dissertation is concerned with
three of the most prominent varieties of non-codegulatory elements: promoters,
transcription termination sites (TTS), and trarson factor binding sites (TFBS). Of
interest, it has been show that various TE sequseimaee been exapted to function as all
of these non-coding elements.

Every gene has some non-coding elements whicheinéle its transcription: at
least one promoter and at least one terminataym®ters are where the transcription of

the mRNA begins, and can broadly active or celétgpecific, and alternative promoters



allow for a condition and cell type-specific exm®s of genes and isoforms [15-17]. It
is worth noting that alternative promoters derifiexin TE sequences have been
previously described [18]. Promoters, however raxteexclusive to protein-coding
genes; there are many known, long non-coding trgitsdn the human genome, many of
which show cell type-specific expression as proteiding genes do [19]. At the
opposite end of the transcript is the polyadenytasiignal and transcription termination
site. As with promoters, human transcription terawors derived from TE sequences
have been known for some time [20, 21]. Promatarssubstantially alter the amount of
MRNA produced, while both alternative promoters tarchinators can alter the coding
sequence, potentially changing both the quality gunehtity of the mRNA.

The third category of concern here, transcriptactdr binding sites, including
enhancers, alter the expression of genes not Niation or termination of transcription,
but by recruiting proteins required for transcaptito the promoter proper. As with
promoters and terminators, transcription factodhig sites and enhancers derived from
TE sequences have been described. For exampdey ald SINE insertion was shown
to act as an important enhancer in neural developf@2, 23]. Recently, it was shown
that a family of LTR elements, MER41, has grealiganded number of functional

STAT1 binding sites in the human genome [24].

High-throughput technigues and massively-paralledguencing and have drastically

altered the study of genome function

Previous methods of characterizing genomic fundidirshort in a number of ways,

particularly with regard to the function of non-aogl elements derived from TE



sequences. EST sequencing using Sanger sequéntangoo low throughput to capture
the breadth and variation in human gene expressitm accurately characterized DNA-
protein interactions genome wide. The large sfabe@human genome means also that
genome-wide (tiling) microarrays are unfeasiblertfer, microarray based techniques
cannot detect TE-derived sites due to their rapetitature. Thus TE sequences and any
functional elements they may provide cannot beafetevia such methods,g.the pilot
phase of the ENCODE project [25]. Current techg@s using massively-parallel
sequencing allow for the genome-wide, unbiasedadarization of RNA transcripts
(RNA-seq) and DNA-protein interactions (Chromatimhunoprecipitation followed by
high-throughput sequencing, ChiP-seq). For exangplesarly large-scale study using
RNA-seq and the lllumina platform showed that neaHl multi-exon human genes are
alternatively spliced in some tissue, far more thaviously appreciated [26]. Another
early study used the Illumina platform to charaeeeNRSF binding genome wide via
ChlP-seq [27]. Several of the works shown hereemade of ChiP-seq data and/or RNA-
seq data from the production phase of the ENCODEept to characterize non-coding
functional elements in the human genome [28, 29].

Along with massively parallel sequencing techn@egseveral molecular
technigues have greatly aided the characterizatipgmomoters and terminators. The
first, cap analysis of gene expression (CAGE), gaes short tags from the 5’ end of
mature mRNA transcripts, which, when sequencednaagped to the genome, can
identify TSS and promoters [30, 31]. A second teghe, paired-end diTag (PET)
generates similar data, but allows for the chareetiéon of both the 5’ and 3’ ends of a

transcript. Combining these techniques with madgiparallel sequencing allows for the



in-depth interrogation of promoter and terminatcinaty. Importantly, as these
technigues are not array based, they allow fofuhetional characterization of TE-
derived sequences. Indeed, CAGE has been preyibesh combined with massively-
parallel sequencing to characterize the transonptif TE sequences across a large
number of human and mouse cell types [32]. Dateeigged using the CAGE and PET
technique are used in the majority of the studiesvé here to characterize the

contribution of non-coding sequences to human trgptson.

Antisense transcription is pervasive in the humaarmpme

One of the more interesting observations in regeats is that the large majority of the
human genome, including both strands, is transdratesome point in time.

A substantial fraction of this transcription istire form of non-coding cis-natural
antisense transcripts (cis-NATS) [33, 34]. Theaadcripts are transcribed from the
opposite strand of a gene coding locus, and wduld be antisense and complementary
to the sense product. Several examples of cis-Na&dscription negatively affecting
sense product abundance are known [35, 36]. Wheth®t general cis-NAT
transcription is functional, or simply noise, rem&to be seen. The sources of cis-NAT

transcription and regulation are characterizeavim ¢f the studies presented here.

Alternative transcription termination has attracteckcently attracted great interest

It has previously been estimated that at least 6DBtiman genes contain alternative
termination sites; utilization of these sites byetomgating RNA polymerase results in
different transcript isoforms [37, 38]. The effeétsuch alternative termination on gene

expression goes beyond the transcriptional leviecttng mRNA lifespan and the final



translated protein product. Utilizing intronict@nation sites, genes encoding receptor
tyrosine kinases have been found to produce shiatescripts encoding truncated
receptors missing transmembrane domains. Prgpeaakticed from these truncated
transcripts may act as molecular decoys, sequegtether proteins that would otherwise
interact with the full-length products. Recentds&s have shown that cancer cells and
other proliferating cells broadly express trandsripith shortened 3'UTRs compared to
differentiated cells [39, 40]. Conversely, it weswn that cells going through
differentiation progressively express transcripithwonger 3'UTRs [41]. These studies
strongly suggest that the use of the use of altieegermination sites to generate shorter
or longer transcripts is an important part of gexgulation. In this dissertation, the cell

type-specific use of alternative termination sdesived from TE sequences is explored.



CHAPTER 2
HUMAN CIS-NATURAL ANTISENSE TRANSCRIPTS INITIATED

BY TRANSPOSABLE ELEMENTS

Abstract

The capacity of human transposable elements (TH®)imote cis natural antisense
transcripts (cis-NATS) is revealed by the discovar$8,718 human gene antisense
transcriptional start sites (TSSs) within TE seq@sn TSSs that yield cis-NATSs are
overrepresented among TE sequences, and TE idit&eNATs are more abundant
close to the 3’ ends of genes. The TE sequenatptbmote antisense transcription
within human genes are relatively ancient sugggstiat selection has acted to conserve

their function.

Introduction
Cis natural antisense transcripts (cis-NATs) aréARbhat are transcribed from the
antisense strand of a gene locus, which are thupleonentary to the RNA transcribed
from the sense strand. It is becoming increasiaglyarent that cis-NATs are used to
regulate the expression of human genes [33, 42, @B} NATs may regulate expression
at the transcriptional level, via the avoidancéranscriptional collisions [44], or post-
transcriptionally through any one of the numbedotfible stranded RNA (dsRNA)
induced regulatory pathways collectively known &ARnterference [45].

Transposable elements (TEs) have been shown tdlmameta variety of non-

coding RNAs that act as dsRNA regulators of genession across diverse eukaryotic

10



species including human. Indeed, TEs encode a euafldistinct classes of regulatory
RNAs including short interfering RNAs [46-48], mdRNASs [49, 50], repeat-associated
small interferinRNAs [51] and piwi-interacting RNAs [52]. It appedhat multiple
distinct RNA interference mechanisms have evolvegpendently as genome defense
mechanisms against TEs only to be later coopteelgolate host genes [49]. There are
three reasons to believe that TEs may represeoteatmlly rich source of cis-NATs that
can regulate human gene expression: i-the abunadides in the human genome [1],
ii-the ability of TE sequences to promote trandaip[53] and iii-the relationship
between TEs and RNA interference. To explorepbssibility, we have conducted a
genome-scale survey of the ability of TE sequetcesntribute cis-NATs to human

genes.

Methods

Identification of TE-TSSs from CAGE data

A library of 1,551,672 human CAGE sequence tags $&] was download from
the Japanese National Institute of Genetics website
(http://genomenetwork.nig.ac.jp/public/download/eaDatabase _e.html). The data used
in the manuscript correspond to the 2007.3.28 seledduman CAGE sequence tags
were mapped to the hgl8 versiagr, the National Center for Biotechnology Information
release 36, of the reference human genome seqasemreviously described [30]. A
browser extensible data (BED) format custom trattk wil CAGE tag-to-genome
mapping coordinates, available on request, wasrgttein order to integrate the CAGE
data with the human genome reference sequenceagiomstavailable from the UCSC

Genome Browser Database [55]. The UCSC Table Byo{g$] was used together with
11



a series of custom developed Perl scripts, availablrequest, to identify the intersection
between human transcriptional start sites (TSSsjtifled by CAGE tags with human
transposable elements (TEs). To identify TE-deriV8Ss, the human CAGE custom
track was intersected with the Repeat Masker faEkrtrack) annotation track using
100% overlap and non TE-classes of repetitive DNkensubsequently eliminated from
consideration. Specific TE family/class identitggghe resulting TE-TSSs were
determined by mapping these results back to th& trask and parsing the annotation
therein. The observed percentages of 1) all, 23esand 3) antisense TE-TSS were
determined for seven individual classes/familie§B$. The observed values were
compared to the expected values that were detedniipealculating their relative
frequencies in the RepeatMasker annotation fomthale genome. Observed and

expected values sum to 100% over all TE categories.

Human genes and TSSs from CAGE data

The UCSC Genome Browser ‘Old Known Genes’ tragkogaitions
(http://www.genome.ucsc.edu/cgi-
bin/hgTrackUi?hgsid=99200641&c=chr7&g=knownGeneQld2re used to define the
coordinates of human protein-coding genes on tli& ngference sequence. These
human gene annotations were chosen because thregeapa conservative set of gene
definitions that are supported by multiple linesweidence from the SWISS-PROT,
TrEMBL and Genbank databases [56, 57]. A custorhdeept was used to divide all
human genes, from their 5’ to 3’ ends, into twesdyal sized bins, and the TSSs
identified from CAGE data were mapped into genezjoebins. Where the Old Known

Genes track annotates multiple alternative trapsedriants transcribed from a single
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genomic locus in the same direction, the resulti8&s locations were only counted
once. The antisense-versus-sense orientatiomssjrat TSSs were then considered with
respect to their location in each bin along theegengths. This procedure was repeated

for 1) non TE-TSS, 2) all TE-TSS and 3) individiailies/classes of TE-TSS.

Relative ages of TE-TSSs

The relative ages of different families/classe3 B§ were taken from the
RepeatMasker analysis of the human genome refesmaeesnce [1]. Since TE
sequences in the human genome are derived fronrghatdd to, copies of once active
elements, and have subsequently accumulated naadfter insertion in the genome,
the elements can be clustered into phylogenetstagd grouped into related
families/classes. The ensemble of sequences igigag class can be used to compute a
consensus sequence, which is taken to represeahtient (active) copy of the TE [58].
Such consensus sequences have been extensivelguctets from human genome TEs
and are available in the Repbase database [59 /Afs of TEs can be then be inferred
by comparing the sequence divergence between thateelement sequence identified in
the genome and its most closely related consemspgence [61]. This information is
made available as the ‘millidiv’ outpute. number of substitutions per 1,000 sites, from
the RepeatMasker program. Percent substituti@xtaint TEs from consensus sequences
was used to show that the human genome has expedisnccessive waves of expansion
of different families/classes. Consequently, séamailies/classes are substantially older
(or younger) than others. The most ancient fasiiliethe human genome are the L2 and
MIR families, while the youngest are L1 and Alu.[IThese are the specific findings that

are used to consider the relative ages of TE-T®8satl from different families/classes.
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Divergenced) of extant TE sequences identified in the humaroge from their
consensus sequences were also used to evalua&datinee ages of TEs within the Alu
family of elements. To do this, individual Alu grsion millidiv values were converted to
Jukes-Cantor DNA sequence distances [62] usinéptlmving formula:

d=-3/4*In[1- 4/3(millidiv /1,00C)
Then, the average and standard deviadioalues were computed and compared for Alu

elements that donate TSSs versus those that desmgf the Student’s t-test.

Human-Mouse conservation of TSS

To evaluate the relative human-to-mouse evolutipnanservationi.e.
presence/absence of orthologous insertions, odd)TE-TSS, 2) all TEs and 3) all TE-
TSS, the UCSC Genome Browser ‘liftOver’ utility was locally. This program allows
for annotation coordinates from one genome, omdhtdl be directly transferred to a
second genome based on where they correspontie base of the human-mouse
comparison, the coordinate correspondence is basadole genome sequence
alignments [63] represented in the Mouse Chairkt(attp://www.genome.ucsc.edu/cgi-
bin/hgTrackUi?hgsid=99200641&c=chr7&g=chainMm9)o dount the number of base
pairs conserved between human and mouse for tfegatif categories mentioned above,
the ‘Base Coverage’ utility of the Galaxy Servet][@as used. Relative conservation

was measured as the fraction of base pairs corsé@véne different categories.
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Results and Discussion

Genome-scale identification of cis-NATs

In order to evaluate the capacity of TEs to contelxis-NATs to the human
genome, we took advantage of a relatively new teldgy — cap analysis of gene
expression (CAGE) [30] — to define the locatiortrahscriptional start sites (TSSs) in the
human genome. CAGE relies on the isolation ofl&rigth cDNAs using biotinylated
MRNA caps. Linkers are ligated to the 5’ endsheffull length cDNAs, and the first
20bp of the cDNAs are cleaved with restriction engg. The resulting fragments are
then amplified, concatamerized and sequenced altpfar the high-throughput
characterization of the 5’ ends of mRNAs. Mappofighe 5’ mRNA end CAGE
sequence tags to the genome unambiguously identi&s. Then, the location and
orientation of human TSSs can be compared to gethdB annotations to assess the
relationship between cis antisense transcriptiahT&es.

A library of >1.5x16 human CAGE sequence tags are available for downloa
from the Japanese National Institute of Genetidssite. We mapped these CAGE
sequence tags to transcriptional units (TUs) inhtlnan genome, and compared their
locations to those of TEs, to assess whether T&sd® cis-NATs. A TU is defined here
as a single protein-coding locus, with a charastierstrand orientation, bounded by the
most 5’ and 3’ transcription start and terminatsites respectively. The UCSC Genome
Browser database [55] KnownGenes annotations wsaé to locate TUs on the human
genome sequence. KnownGenes annotations wererchesause they are supported by

multiple sources of information including SWISS-PRAQREMBL and Genbank
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MRNAs. A single TU may cover alternative transcvariants in the same orientation,
and more than one TU may overlap at a single gentwous.

A total of 869,085 CAGE sequence tags were mapp8&9,288 human genome
TUs. The majority (639,490 or ~74%) of human TUSESlIefined in this way
correspond to sense transcripts, in the same orientation of the protein-coding mRNA
On average, each human TU has 16.3 sense TSSgréuaence of sense oriented
TSSs in the human genome is consistent with previesults and reflects the initiation
of MRNA transcripts from multiple alternative protas [54, 65]. The relative excess of
sense oriented TSSs is also thought to be dudddtiem against initiation of antisense
transcription based on avoidance of collisions kbetwthe RNA transcription machinery
tracking along the DNA [44]. Human TUs also havenerous anti-sense oriented TSSs
(229,595 or ~26%), which correspond to cis-NAT&e Bbundance of human cis-NATs

is underscored by the fact that the average hurhhhab 5.8 antisense TSSs.

TEs initiate antisense transcription

The location of TEs in human TUs were taken fromRepeatMasker [5]
annotation of the genome, and these data weretasbBscover transcripts that are
initiated within TEs inserted into human TUs. &8 (~20%) of human TU-TSSs were
found to be initiated from within TE sequences.e3é& data underscore the substantial
capacity of TEs to promote transcription in humanearegions. TSSs that are initiated
from within TEs are more likely to be found in thetisense orientation than non-TE-
TSSs. 48,718 of TE-TSS are found in the antisengatation, yielding a TE
antisense/sense ratio of 0.38 compared to 0.350HTE-TSSs. This difference, while

moderate, is highly significant using-aanalysis of 2x2 contingency table
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(48,718/127.860 non-TE-TSS antisense/sense=1868,B7,A30c’=156.6P=6e-36). In
other words, the TSSs that originate from within SE@guences are significantly enriched
for cis-NATSs, and this observation can not be exjgld by random sampling alone. The
vast majority of TEs that encode TSSs are foundtmons (98.2%), which is consistent
with the transcriptional collision model [44] fdrdir mechanism of regulatory action
since these cis-NATs may not necessarily form dsRNA mature sense transcripts.
The enrichment of cis-NATs initiated from within Hequences is even more
marked when the distribution of TSSs across TUsnfthe 5’ to the 3’ ends, is observed.
Human TUs were divided into 20 equal sized binsamttésense/sense TSS ratios were
calculated for each bin. When bin-specific avesaggoss all human TUs are plotted,
the ratio of antisense/sense TE-TSSs increasesgssigely from the 5’ to the 3’ ends of
human TUs (Figure 2.1). The slope of this trenpasitive, and the correlation is
statistically significant. This enrichment suggetbte possibility that antisense TE-TSSs
near the 3' ends of genes are more efficacioudategs and thus favored by selection.
Under the transcriptional collision model [44], theponderance of cis-NATS initiated
near the 3’ ends of genes would provide for mongoojinities for collisions between
RNA polymerase complexes tracking along opposinsis of the DNA and less chance
for sense transcription complexes to get throughecends of the genes. The opposite
5'-t0-3’ trend in antisense/sense TSS ratios is $eenon-TE-TSSs. There is a slight
decrease in the antisense/sense ratio along hubigralhough, this trend is far less

pronounced and not statistically significant (Fe@rl).
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Figure 2.1. Ratio of antisense/sense TSSs alongian genesHuman TUs were
divided into twenty equal size bins, and ratioshaf numbers of antisense/sense TSSs
were calculated for each bin. Average bin-specdtos are shown for TSSs initiated
within TEs (TE-+ in grey) and TSSs not initiatedrfr TEs (Non-TE TSSs in black).
Linear regression was used to plot the slope oattisense/sense ratio trend along bins
from 5’-t0-3’ gene ends and the Spearman rank tadioa coefficient (R) was used to

evaluate the significance of the trends. For TES3$=10e-2, R=0.87, t=7.62, P=5e-7.
For non TE-TSSs y=-3e-2, R=-0.34, t=1.54, P=0.14.

The relative excess of antisense transcripts tadifrom TEs and their
enrichment closer to the 3’ ends of TUs suggestpussibility that they may yield cis-
NATs with biologically significant regulatory actties. If this is indeed the case, then
one may expect natural selection to preserve thestionally active TE-derived cis-
NATs. Accordingly, TEs that initiate cis-NATs goeedicted to be older than those that
do not initiate transcription owing to the facttlii@ey have been preserved in the genome
by selection. The age distribution of the TEs thatate cis-NATs was analyzed to

evaluate this prediction. The observed proportmireslements from different TE
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classes/families that donate cis-NATs were comptoreélde expected proportions based
on their relative frequencies in the genome. Cast with the expectation, relatively
ancient elements are significantly overreprese(fegure 2.2). For instance, there are
more TU-TSSs derived from the ancient L2 and MIRifees than expected by their
genome frequencies. Members of younger elemeriliésnmsuch as L1 and Alu, initiate

significantly fewer TU-TSSs than expected basetheir genome frequencies.
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Figure 2.2. Relative proportions of TE-derived cifNATs. Human genome TEs are
broken down into seven classes/families and ttaivel percentages of TE-derived cis-
NATs are shown in gray for each family. The expdgbercentages of TE-derived cis-

NATSs, based on the genome proportions of each/tGasiy, are shown in black. A2
test for goodness of fit was used to compare tiservied versus expected proportions of
TE-derived cis-NATs. The differences between thgeoved and expected distributions

across classes are highly statistically signifi¢a@t7,671 P=0).

The relative ages of TEs within families can be soueed by taking the
divergence of the TE sequences from their familysemsus sequence, since older TEs

have accumulated more substitutions, on average,ytbunger elements [1]. For the
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younger TE families, relative divergence valuesdate that the TEs that donate
antisense TSSs are older than TEs from the sanibyfdrat do not donate TU-TSSs.

For instance, Alu elements that initiate antiseresescription with human TUs have
significantly greater sequence divergence fronrtbensensus sequences than Alus that
do not co-locate with TSSs (averagtandard deviation Jukes-Cantor distance for Alu-
antisense-TSS=0.18.05, Alu-non-TSS=0.1D.05, t=19.42P=6e-84). This suggests
that many antisense TE-TSSs are in fact conseryselbction and also helps to resolve
a standing question as to why older elements oksdasses of TEs, such as Alus, are
enriched in gene regions. Alus insert more fretjyento AT-rich DNA but are
preferentially retained in GC-rich gene regionss tims been taken to suggest that they
are conserved in gene regions by virtue of somaanvk functional role that they play
for those genes [1]. Our data indicate that, exdase of some Alu sequences, their
functional role is related to the initiation of tegtory cis-NATS.

Another way to evaluate the relative ages of THe ompare their evolutionary
conservation based on presence/absence patteorthalbgous insertions between
related species. Using this approach, we compheeduman-to-mouse conservation of
TEs that encode TSSs versus those that do na@%lpercent of TE-TSSs are conserved
between human and mouse versus 2.8% percent dh@Edo not encode TSSs; this
difference is statistically significant{=4x106P=0). The greater between species
conservation of TE-TSSs is further evidence coestswith the action of purifying

selection based on function.
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Conclusions

The ability of TEs to contribute regulatory sequeshto eukaryotic genomes was
discovered through a number of case-by-case stodigsdividual genes [66, 67]. Later,
genome-scale approaches began to uncover just egpvead this phenomenon is,
particularly in mammalian genomes with high TE copynbers [68-70]. Relying on a
genome-scale approach for the identification of §& have shown that TEs contribute
tens-of-thousands of cis-NATs to human genes. pitential regulatory effects of these

TE derived antisense transcripts are substantial.
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CHAPTER 3

RETROVIRAL PROMOTERS IN THE HUMAN GENOME

Abstract

Endogenous retrovirus (ERV) elements have beenshowontribute promoter
sequences that can initiate transcription of adjghaman genes. However, the extent to
which retroviral sequences initiate transcriptiothva the human genome is currently
unknown. We analyzed genome sequence and highghpat expression data to
systematically evaluate the presence of retropiramoters in the human genome. We
report the existence of 51,197 ERV-derived promséguences that initiate transcription
within the human genome, including 1,743 cases &transcription is initiated from

ERV sequences that are located in gene proximahqier or 5’ untranslated regions
(UTRs). 114 of the ERV-derived transcription s&tés can be demonstrated to drive
transcription of 97 human genes, producing chimteaicscripts that are initiated within
ERYV long terminal repeat (LTR) sequences and rhealigh into known gene sequences.
ERV promoters drive tissue-specific and lineagecsjoepatterns of gene expression and
contribute to expression divergence between pasaldtpese data illustrate the potential
of retroviral sequences to regulate human transonn a large scale consistent with a

substantial effect of ERVs on the function and atioh of the human genome.

Introduction
Approximately 5% of the human genome sequencerigetefrom retroviruses [1].

Retroviral genomic sequences are remnants of piesitions that resulted in the
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integration of provirus genomes into the DNA ofrgéne cells [71, 72]. The abundance
of these so-called endogenous retrovirus sequéBE®és) testifies to the extent that
human evolution has been shaped by successive waveal invasion [73].

One way that ERVs have affected the function araluton of the human genome is
by donating regulatory sequences that control peession of nearby genes. The gene
regulatory effects of ERVs were first uncovere@dinumber of anecdotal studies on
specific genes [74]. For instance, the long teahiapeat (LTR) of a human ERV
(HERV-E) was shown to serve as an enhancer elethantonfers parotid-specific
expression on the amylase gene [75]. Later, mggesatic computational analyses of
the human genome sequence revealed that many lgenas contained ERV-derived
regulatory regions, suggesting an even greateribatibn of retroviruses to human gene
regulation [68, 70]. Continued efforts to charaee ERV-derived promoters have
turned up several new cases in recent years [7.6N&}ertheless, the full extent of the
contribution of ERV sequences to the initiatiortrahscription in the human genome has
yet to be appreciated.

Initiation of transcription by ERV promoters oftezsults in the production of
alternative transcripts that are both tissue-speaifd lineage-specific. For instance,
testis-specific expression of the human gene engdtiie neuronal apoptosis inhibitory
protein (NAIP) is driven by an LTR promoter sequenghereas a distinct LTR promoter
in rodents confers constitutive expression of tlibajogous gene [78]. An ERV LTR
sequence also serves as an alternative promotetrithas expression of the betal,3-

galactosyltransferase 5 gene specifically in cal@aldissue [76].
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The lineage-specific regulatory effects of ERV potens can be attributed the fact that
ERV sequences result from past germline infectiorey of which occurred relatively
recently along specific evolutionary lineages.fdat, most of the ERV sequences in the
human genome are primate-specific [73], while nmshan genes are far more ancient
and share orthologs with distantly related spedigsThis means that regulatory effects
exerted by ERV promoters will often lead to expi@sslifferences between primate and
non-primate orthologs or between deeper evolutiohiaeages for more ancient ERVSs.
In other words, ERV promoters are likely to driwekitionary changes in gene
expression, long thought to be an important deteaunti of species divergence [79].

The application of novel high-throughput technigjé@r the analysis of gene
expression has revolutionized the study of the hutremscriptome and revealed far
more regulatory complexity than previously imagindavo techniques in particular, Cap
analysis of gene expression (CAGE) and Paired-éad (PET) sequencing, enable the
precise genome mapping of many thousands of prareetpiences that initiate
transcription. CAGE is a technique that allowstfor characterization of short sequence
tags from the 5’-most ends of full-length cDNAs [3®&ccordingly, mapping CAGE
tags to the human genome unambiguously identifeesstription start sites (TSS) and
their corresponding promoters. PET sequencinglvesathe determination of sequences
for tags from both the 5" and 3’ ends of full-lengtDNAs [80]. Thus, when PETs are
mapped to the genome, paired transcriptional tiotieand termination sites are
identified along with the intervening genomic seges that are transcribed as pre-
MRNAs. We used human CAGE and PET data to moretigbly evaluate the

contribution of ERVs to the initiation of transdign in the human genome.
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Methods

CAGE tags (n=1,551,672) were downloaded from tipadase National Institute of
Genetics website
(http://genomenetwork.nig.ac.jp/public/downloadfeaBatabase_e.html) and mapped to
the human genome as previously described [30]. hlingan genome locations of PETs
(n=669,840) were taken from the UCSC Genome Broy#&gdrannotations
(http://www.genome.ucsc.edu/cgi-
bin/hgTrackUi?hgsid=100351785&c=chr9&g=wgEncode@iaRet). The PETs were
generated from several cell lines: log phase of WIC&lIs (113,858), MCF7 cells treated
with estrogen (4,911), HCT116 cells treated wittusrocil (124,770) and log phase of
embryonic stem cell hES3 (426,301). Overlapping3EAags and overlapping PETs
were clustered to identify individual TSS on thertam genome. The UCSC Table
Browser [81] and the program Galaxy [64] were usecompare the locations of CAGE
tags and PETSs to the locations of human ERVs atettwith the RepeatMasker
program [5]. Only ERVsensu strictyas opposed to more ancient mammalian apparent
LTR-retrotransposons (MaLR), were analyzed heree Nlational Center for
Biotechnology (NCBI) Refseq [82] gene model anriotet were used to evaluate the
production of chimeric transcripts that are ing@éby ERVs and read-through into
human genes. Transcriptional units (TUs) are aeffi@s genomic regions spanning the
5’ to the 3’ ends of individual Refseq gene modditls and 1 kilobase (kb) flanking
regions upstream and downstream of TUs were ewdat the presence of ERV-
derived promoters. A series of custom Perl scij@se used to post-process the genome

mapping data and to produce browser extendable(B&f2) mapping tracks for further
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analysis with the UCSC Genome Browser. All scrgogtd mapping data are available
upon request.

The genomic presence/absence of ERV insertionsaspecies was evaluated using
whole genome sequence alignments of complete maams#quences built with the
Multiz tool [83]. Human genome sequence conseowdivels are based on the
phastCons tool [84]. The species distributionwhhln gene orthologs was assessed
using BLASTP [85] results from the NCBI Blink utifialong with homology annotations
from the GeneCards webserver [86]. Gene expressialysis was based on the Novartis
Gene Expression Atlas version 2 (GNF2) [87].

Detailed information on all methods including PEId&CAGE analysis along with gene

expression and Gene Ontology analyses can be fauhd Supplementary Information.

Results and Discussion

A total of 49,814 mapped CAGE tag clusters, eaclesponding to an individual TSS,
were found to map to the ERV LTR sequences (Taldle 3rhe high number of ERV-
derived TSS in the human genome identified with GA&g mapping underscores the
potential of retroviral promoters to drive tranption. However, it is not possible to
directly assess whether retroviral promoters idieatiusing CAGE tag mapping actually
drive the expression of known human genes. In faost of the ERV promoters
identified with CAGE map to intergenic regions. i mtergenic ERV promoter activity
is likely to be a relic of the ERVS’ ability to de transcription of their own genome
sequences from LTR promoters and may not necegbarilelated to the transcription of

human genes. Nevertheless, the presence of wessbERY promoter activity in the
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human genome demonstrates that ERV sequences aataimghe ability to promote

transcription for millions of years after theirtial insertion into the genome.

Table 3.1. Numbers of ERV-derived TSS in the humagenome

Gene
Data ;
Total TSS  associated
source Tségj\
CAGE 49,814 9,292
PET 1,513 114

@ Total number of tag clusters representing indisldERV-derived TSS.

®For CAGE data, ERV-TSS that map within 1kb upstreardownstream of Refseq gene
annotated 5° UTR sequences. For PET data, ER\§-ditquence clusters that start
within 1kb of Refseq gene annotated 5 UTR sequgnoe within 5° UTRs, and end
within Refseq gene TUs, 3'UTRs or 1kb downstrear8’dfTRs.

In addition to the intergenic ERV promoters, thare 9,292 CAGE identified
ERV promoters that initiate transcription withinbligpstream or downstream of the
previously characterized TSS of known human genablé 3.2). PET sequence
mapping data were also used to search for trarts¢hpt are initiated from ERV
promoters, and there are 1,513 cases of PET icehB#RY promoters in the human
genome (Table 3.1). Because PET sequence tagsiénobth the 5" and 3’ ends of full-
length transcripts, they can be used to identdgdcripts that are initiated within ERV
sequences and read-through into human gene regidrese cases correspond to
chimeric transcripts, composed partially of bothVE&d human gene sequences, and
demonstrate ERV promoted expression of human genas.approach identified 114
distinct retroviral TSS that promote transcriptadrhuman genes (Table 3.2 and Table
A.1). 21 of these retroviral promoters have cated ESTs, which independently

support their ability to initiate transcription.hdse retroviral TSS correspond to 124
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Refseq transcripts over 97 distinct gene loci. pbsitions of TSS for ERV-derived
human gene promoters were analyzed to evaluateheshERVs provide canonical
promoters or promote alternative transcripts. Whilere are a number of ERV TSS that
map to 5’ UTRs (Table A.2 and Figure A.1), andtares taken to promote transcription
at (or near) previously characterized TSS, the ritgjof ERV promoters promote
alternative transcription of human genes from gastr regions or from within the TU
(Table A.2). This further underscores the fact #RVs promote alternative
transcription of human genes. The ability of ERY$tomote alternative transcripts of
human genes is illustrated (Figure 3.1) by the cdse alternative promoter of the
glutathione-S-transferase omega 1 encoding g8fd Q1Refseq accession
NM_004832) found on chromosome 10g25.1. The GSpi@tein is a member of the
theta class glutathione S-transferase-like fanaihg it has been shown to act as a stress
response protein through cellular redox homeosf88is GSTO1nucleotide
polymorphisms have been implicated in a numbeeoélrovascular diseases including

Alzheimer disease, Parkinson disease, vascularmterand stroke [89, 90].
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Table 3.2. Numbers of ERV-human gene associated onhimeric transcripts.
CAGE’

Total Upstream 5 UTR TU

9,292 193 1,550 7,549
PET
PET 3’ end PET 5 end

Upstrear 5" UTR TU

TU 5 6 34
3 UTR 12 13 21
Downstream 4 8 11

& Counts for ERV-derived CAGE sequence tag cludtess map within human Refseq
gene 5 UTRs or 1kb upstream or downstream (i.thimithe TU) of the 5 UTR.

b Counts for ERV-derived PET sequence clusters &sdowith human genes are
shown. ERV-PETs with 5’ ends that are 1kb upstredhruman Refseq gene 5’ UTRS,
within 5° UTRs or within TUs are shown in columnBRV-PETSs with 3’ ends that are
within TUs, in 3’ UTRs or 1kb downstream of 3' UTRee shown in rows

1,550 of these ERV CAGE tag clusters map to 5’ UTdeeasistent with transcription
from previously characterized promoters, but thgonitg (7,742) map just upstream of
the 5 UTR, in the proximal promoter region, or dwtream within genes’ TUs.
Therefore, these ERV-derived promoters are likelige responsible for generating
alternative transcripts of human genes.

There is an ERV LTR sequence from the MER4A subifaofisequences less
than 500bp upstream of the Refseq annotated 5’ tffI&STOL(Figure 3.1A). There
are 15 individual PET sequences, forming 3 distir®86 clusters, that have 5’ ends inside
of the MER4A sequence and 3’ ends in the 3' UTRGSTO1(Figure 3.1A and 3.1B).
All of the MER4A PET sequences were derived frotyame of the four PET libraries
(c?>=8.6P=0.04), log phase of embryonic stem cell hES3 daiilig that this promoter is
tissue- or condition-specific. In addition to tAET sequence based evidence, there are a
number of spliced ESTs that also indicate the MERé&Auence as an alternative

promoter forGSTO1(Figure 3.1B).
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Figure 3.1. MER4A alternative promoter of the GSTO1gene. A) TheMERA4A (red)
ERV sequence is located in the proximal promotgiore<500bp from the GSTO1 5’
UTR. The locations of PET sequences (green) alkespESTSs (black) are shown. B)
The MERA4A (red) sequence region is enlarged anchthieidual PET sequences (green)
and spliced ESTs (black) that support the existefiteis promoter are shown. C)
Evolutionary conservation of MER4A versus GSTO1ERAA is only found in chimp
and rhesus and no other mammals (green barg},iseot conserved, whereas the
adjacent GSTO1 exons are conserved across mamrapgares (green and blue bars).

Inspection of multiple sequence alignments of catgpmammalian genomes
reveals that th&STOladjacent MER4A insertion is present in the huncaimp Pan
troglodyte$ and rhesusMacaca mulattagenome sequences but absent in the bushbaby
(Otolemur garnet)i, mouse flus musculus rat Rattus norvegicysand all other
placental mammal sequences (Figure 3.1C). In otbeds, that particular MER4A
sequence inserted after the primate radiation hesgahit is specific to the Haplorrhini
suborder, which includes both new world and oldld/anonkeys. On the other hand, the
adjacent exonic sequences@BTO1show marked conservation compared to MER4A

(Figure 3.1C). Comparative sequence analysis BitASTP indicates thabSTO1s far

30



more ancient than the MER4A insertion, having welhserved orthologs among
mammals and other vertebrates along \Bitbsophila melanogaste€Caenorhabditis
elegansand a number of other more distantly related gseci

The comparative sequence analysis suggests thibitipsthat the MER4A
insertion may confer lineage-specific expressiaigpa onGSTO1 Furthermore, there
are two human paralogs GISTO1 GSTOZ2and the pseudoge@&STO3P 1neither or
which has the upstream MER4A insertion. So theifipgegulatory effects of the ERV
may not only be tissue- and lineage-specific buldalso be involved in driving
functional differentiation of paralogs via expressdifferences.

In order to test for potential diversifying regust effects of the MER4A
insertion onGSTO1 we compared tissue-specific expression patteztveden human
and mous&STO1andGSTO2orthologs as well as between hun@8TO1-GSTO2
paralogs using microarray data from the Novartisg3expression Atlas version 2
(GNF2) [87]. The human-mou$&STOlorthologous pair has a low=-0.06), and not
significantly different from OR=0.77), correlation of expression levels acrosigs as
does the huma@STO1GSTOZparalogous pair€0.006P=0.98) (Figure A.2). On the
other hand, the human and mo@&®TO2orthologous genes, which lack the alternative
MER4A promoter, have significantly correlated exgsien patterng€0.76P=2.2e-6).
These patterns of expression divergence and catgamare consistent with variation in
expression introduced by the MER4A-TSS. In allp87 of 40 evaluated cases of human
genes with ERV-TSS have expression patterns teat@rsignificantly correlated with

their mouse orthologs that lack the upstream ERgufe A.3).
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We further evaluated the potential regulatory eéffex human ERV-derived
promoters by comparing the expression patterndi biman genes with ERV-promoters
versus genes without ERV promoters using the GN#&.dHuman genes with ERV-
TSS have greater tissue-specificity than genesigdkRV promoters, consistent with a
diversifying regulatory effect of ERV-TSS (Table2A. In particular, ERV-TSS
containing genes have anomalously high levels pfession, on average, in brain and
testis (Figures A.4 and A.5). A similar patterrsajnificantly elevated expression in
brain and testis was found for ERV CAGE tags (Feghr6). Consistent with the brain-
specific expression pattern of ERV-TSS genes, @artelogy (GO) functional analysis
indicated that these genes are enriched for metadnadl signaling processes active in the
brain (Table A.3 and Figure A.7).

Our analysis revealed that retroviral sequencéisarhuman genome encode tens-
of-thousands of active promoters; transcribed ERyusnces correspond to 1.16% of the
human genome sequence and PET tags that captusertpas initiated from ERVs cover
22.4% of the genome. These data suggest that BRYsegulate human transcription
on a large scale. However, it is a formal posisybihat many of the ERV derived
promoters identified here represent leaky transionpi.e. noise, which is not
functionally significant. Definitive proof of biojical activity for individual ERV-TSS
may have to await experimental confirmation viadout data or promoter swapping.
However, it will soon be possible to validate ER®S on a genome-scale owing to the
accumulation of high-throughput data from tilingegr experiments based on ChIP-chip
and/or chromatin structure assays. Such datajwvarebeing generated by the

ENCODE Project Consortium (2007), measure theilligions of regulatory signatures
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across genomic sequence. The presence and dehsstyulatory signals, such as
transcription factor binding sites and open or gpatly modified chromatin, have been
shown to discriminate between biologically activel artifactual TSS and thus could be
used to validate ERV-TSS.

Our analysis uncovered more than 100 cases of R¥+derived promoters
that initiate chimeric ERV-human gene transcriptd several thousand more that are
likely to do so. ERV-derived promoters are chaeazed by their ability to promote
alternative transcripts that are expressed in athatyis tissue-specific, lineage-specific
and distinct from related paralogous genes. THat®underscore the extent to which

retrovirus activity has shaped the human transomet
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CHAPTER 4
IDENTIFICATION OF TRANSCRIPTION FACTOR BINDING
SITES DERIVED FROM TRANSPOSABLE ELEMENT

SEQUENCES USING CHIP-SEQ

Abstract

Transposable elements (TEs) form a substantididraof the non-coding DNA of many
eukaryotic genomes. There are numerous examplEEbeing exapted for regulatory
function by the host, many of which were identiftadough their high conservation.
However, given that TEs are often the youngestgfaatgenome and typically exhibit a
high turnover, conservation based methods willtiaidentify lineage- or species-
specific exaptations. ChIP-seq has become a \a@ylar and effective method for
identifyingin vivo DNA-protein interactions, such as those seeraastrription factor
binding sites (TFBS), and has been used to showitibee are a large number of TE-
derived TFBS. Many of these TE-derived TFBS showrgonservation and would go
unnoticed using conservation screens. Here, waibesa simple pipeline method for

using data generated through ChlP-seq to identfyd&rived TFBS.

Introduction

Transposable elements (TEs) are segments of DNAptssess the ability to ‘transpose,’
meaning that they can move themselves to distaatitins of the host genome and
replicate when they do so. TEs are present idatains of life, and abundant in the

genomes of many sequenced eukaryotes accountirgdoge portion of non-coding
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DNA and the genomes as a whole (nearly 50%, ~1¢efGie human genome) [1].
Broadly speaking, there are two types of TEs. TypEs, or retroelements, transpose by
a copy and paste mechanism via an RNA intermedjatggrating a new insertion. Type
Il TEs, or DNA transposons, move by a 'cut andgdasechanism where the actual
insertion is moved [91]. Most TEs harbor their ogromoters and regulatory sequences,
and many active elements encode genes for theitti@meposition. Active elements are

a small minority, however, and most TE insertioreswnable to transpose.

Exaptation of Transposable Elements

TEs exist solely to continue their own existenbeytdo not, simply by their
replication, contribute anything to the host [93].91t is likely that many, if not the large
majority of TE insertions, have little or no furantial role for the host and are effectively
under neutral or nearly neutral selection. Howggeen the very large number of TE
insertions in eukaryotic genomes and the opportiemsiture of evolution, it is only
reasonable to expect that some would be ‘exap8]’'dver time to take on a functional
role that benefits the host, a process that coale la wide variety of results [95, 96]. A
key factor in TE exaptation events is their abitdypromote their own transcription;
without this ability, they could not replicate theelves. Given this ability, it stands to
reason that TEs could be exapted to provide alti@mpromoters for host genes; this has
been seen a number of times [97, 98]. Of most itapee to this chapter, however, is
the ability of TEs to provide new TFBS to the hoBtthere existed an active TE that
contained a TFBS, then each new insertion thal Ehgenerated would also contain the
TFBS. If the TE were highly active, it could quiglspread the TFBS around the

genome. Even if the TE simply had a sequenceathatonly close to the TFBS, it could
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still spread this 'progenitor sequence' aroundydreome. Over time, point mutations in
individual insertions could alter the progenitoggence so that it would now be bound
by the TF [99]. Either way, the TE could spreagl T#BS around the genome over timer
and create a network of TFBS, and in doing so #iieexpression patterns of host genes.
For example, it was recently shown that a largelmemof human c-myc binding sites are
located in TE insertions, possibly creating a satwork for c-myc contro]100]. For a

comprehensive review of TE-derived regulatory nekspsee [2].

Transposable Elements Evolve Rapidly

Transposable elements are generally the most yagvdlliving part of a genome;
so long as their insertions are not too deleterioule host, TEs can quickly increase in
copy number and then are generally free to accumplaint mutations. The rapid
activity of TEs relative to the host genome medas lineage-specific insertions can be
accumulated in a very short time frame. In the $thce the human-chimpanzee
divergence, for example, there have been severatémd new TE insertions in each
genome . There also appears to be very littlecBedéepressure on the deletion of most
insertions, which can result in their chance defefrom one lineage, while they are
retained in others. Between human and mouse, thegenerally very little conservation
of non-coding regions in the genome, including TERNy insertions that appear to
predate the human-mouse divergence are preseneigenome, but have been lost in the
other (Figure 4.1.) [12]. The rapid insertion &sIcombined with their rapid loss means
that two lineages can develop distinct TE complemena relatively short time after
divergence. Given that two lineages can have d#fgrent TE complements, it could be

possible for a large number of lineage or evenisgespecific exaptation events (Figure
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4.1). If the exaptation events were the creatiomesv TFBS or promoters, then the

spread of TEs could create species-specific patrgene expression [69, 101].
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Figure. 4.1. Evolutionary scenarios related to TEExaptation events. A) An ancient
insertion is exapted and the resulting regulateguences are shared across multiple
derived evolutionary lineages. B) An ancient itiseris exapted but only selectively
conserved in some of the derived evolutionary lgesa This could result in regulatory
divergence between lineages. C) A recent linepgeific insertion is exapted resulting
in regulatory differences between lineages. TEgaracularly prone to this scenario
given how dynamic and rapidly evolving they are.
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Detection of Functional TE-derived Non-coding seque&es

There are three widely used methods to find TFBgmomes. It should be
noted that these approaches are not mutually exetuadeed, the methods are often
combined to more rigorously predict and locate TFBi® first approach, phylogenetic
footprinting, [102] can be done solely computatibnaia comparative sequence
analysis. A phylogenetic screen attempts to fegians of different genomes that have
been conserved over time, and in the case of TEB&ing for conserved non-coding
elements (CNEs). Screens looking for conservedamoing elements (CNES) represent
a very successful technique for identifying theesk] and due to their conservation most
likely to be essential, non-coding parts of theayea. Shortly after the sequencing of the
human and mouse genomes, it was shown that a k@eexpected number of mouse
MIR and L2 elements had human orthologs [12]. 8gbently, several thousand
insertions or insertion fragments near human gerses shown to be under purifying
selection, suggesting their exaptation and possibl@vement in transcriptional control
[103]. Inrecent years, a number of insertionsehagen shown to be enhancers for
human and vertebrate genes, many identified withogienetic screens. An insertion
from the CORE-SINE family was shown to be consememss the mammalian lineage,
and to be an enhancer of the POMC gene in miceg.[I04e amniote SINE 1,
AmnSINEL, family of TEs is a very old family thagiread early in the amniote lineage.
However, a number of conserved AmMnSINE1 insert@xist in the human genome, two
of which were shown to be enhancers involved imnbdavelopment [22, 23, 105]. A
mammalian interspersed repeat (MIR) was shown ¥e kahancer ‘boosting' activity, in

that its presence greatly increased the actionngfaaby enhancer, while the MIR could
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not on its own be an enhancer [106]. The probleth an approach based on
conservation is that, while it will find many imgant regions, the screen will miss other
regions that are also important, but also linegugsiic. Lineage-specific TFBS, such as
those that could be provided by lineage specifiarigertions, could generate lineage-
specific expression, and would this be missed b¥Gbreens [101]. Another case in
which older elements may be overlooked in CNE stwég one in where an old insertion
has been lost, as many are, in several lineagesxapted in one (Figure 4.1). Such an
insertion may well play some role in the lineagat tkept it, but it will be completely
missed in CNE screens. CNE screens will not onsmew TE exaptations, but also
other non-coding functional elements. It has b&®wn previously that sequences with
low conservation can play important functional spleuch as rapidly evolving, long non-
coding RNAs [107].

The second of the three methods to identify TFB&30 computational and
involves scanning a genome for the sequence natifthe TF in question recognizes.
REST, the REL1 Silencing Transcription factor, i®Wn to repress neuronal genes in
non-neuronal cells. Using experimentally identdfREST binding sites, which contain
the RE1 motif, Johnsoet al [108] created a Position-Specific Scoring Matrix, PSSM,
for the motif, and used it to screen for possibESR binding sites in the human
genome. Johnsaat al.were able to show that there are a number of Tt REST
binding sites that had the ability to bind RE&WVitro, suggesting that TEs have helped
to spread the REST network. When a PSSM is ussdarch for new TFBS in a
genome, false positives are controlled by shufftimgsequence in the PSSM, re-

scanning the genome with the shuffled sequenceamgparing the number of sites
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identified with the original PSSM to those foundwihe shuffled PSSM [53]. This
approach will not work, however, for TFs that recizg motifs smaller than the RE1
motif as there will likely be many false positivels addition, the presence of a TFBS
sequence motif does not guarantee that the seqtietdeears it is actually bound by its
corresponding TF, while sequences that lack siityléw the motif may in fact be bound
by that factor. These challenges to the sequeaseebcomputational approach
necessitate an approach to identifying TFBS omage wide scale that does not
depend on the sequence of the TFBS, only the lymfithe TF to the region.

The third major approach to finding TFBS is idéyitig in vivo protein-DNA
interactions via chromatin immunoprecipitation (Ehfollowed by microarray analysis
(ChlP-chip) or sequencing of the captured DNA. tl@gf three approaches, this one offers
the greatest sensitivity and potential specificiBhlIP is able to find genomic DNA that
is bound by a transcription factor, not just thosgions that are conserved or for which
there exists a well-defined TFBS motif. ChlIP iscatlistinguished from the other
approaches in the sense that it identifies seqgdaheg are experimentally characterized
to be bound by transcription factor®., not just computational predictions. Genome-
wide ChIP assays, such as ChIP-PET or ChIP-chip baen used successfully in the
past; however, a newer and relatively inexpensiethod, ChiP-seq has quickly become
the dominant method of experimentally identifyingBIS, and it is on ChlP-seq that we
focus the rest of our discussion. The ChIP-sediatetombines ChIP with massively
parallel sequencing of the bound DNA [27]. Thewsswing is usually carried out on one
of the currently available short-read sequencétsnina Genome Analyzer, ABI

SOLID, or Helicos HeliScope. ChIP-seq has a nunob@dvantages over ChiP-chip and
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ChIP-PET. There is no cross-hybridization, as@agur in ChIP-chip, and the ChlP-seq
signal is a digital count of reads mapping to tk@$¥, rather than a fluorescence signal.
ChlIP-seq is also far less costly than ChIP-PETctvhypically relied on capillary
sequencing. Using several ChiP-based data setsding one derived with ChiP-seq,
Bourqueet al.[109] identified a large number of TE-derived TFBS. Thaority of

TFBS they observed were not well conserved, withyrzeing lineage-specific. This
strongly suggests that expansion of TEs withinreogee can lead to the concurrent
expansion of transcription regulatory networks.loBe we provide a specific example

detailing how analysis of ChlP-seq data can be ts@tentify TE-derived TFBS.

Software

All the software we describe and recommend hepeilidicly available.
Bowtie [110] http://bowtie-bio.sourceforge.net/
MuMRescuelLite [111] http://genome.gsc.riken.jp/esgllish/dataresource/
UCSC Genome Browser [112] http://genome.ucsc.edu

UCSC Table Browser [81] http://genome.ucsc.edu

Methods

This section describes our choice of tools forittentification of TFBS derived
from TE insertions using ChiP-seq data, and we show these tools can be assembled
into an analytical pipeline. The tools present@dlerchosen for their speed, utility for
analysis of TE-derived TFBS, ease of use and goodrdentation. To illuminate the use
of these tools, we first provide an overview of analytical pipeline for the detection of
TE-derived TFBS (Figure. 4.2), and then we givpecgic example of how ChIP-seq

data can be analyzed to yield genome-wide set edérived TFBS.
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Figure. 4.2. Schematic of the analytical pipelinengsented here for finding TE-
derived TFBS with ChlP-seq.Each individual step is described in detail in tiwet
along with important caveats, which are listedNiotes’ section.

Mapping

The first step in finding TE-derived TFBS is to maads generated by ChIP-seq
back to the genome used. Massively parallel semprsrgenerate millions of reads in run
of a ChIP-seq experiment. Mapping these readggegname as large as the human or
mouse genomes with traditional techniques like BLAS5] or BLAT [113] quickly
becomes computationally overly expensive. Foreigaa number of programs have
been developed explicitly for the mapping of shredd data. The fastest of these are
those that employ the Burroughs-Wheeler transfdrid] to build a very dense index of

the genome, then map reads using the index. Véenreend Bowtie for general
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mapping because of its speed and useful optioesNete 1). Bowtie is generally the
fastest of these aligners, and it can utilize paality information in the FASTQ format
data generated from lllumina sequencing. Howeveannot currently use colorspace

reads generated from SOLID sequencing (see Note 2).

Read Rescue

Were genomes fully random sequences of the foleshdisen almost any ChlP-
seq read would be mappable to a unique regioneojé&mome. However, due in large
part to the vast number of TE insertions, thisasthe case. There are numerous
repeated sequences in eukaryotic genomes and seqags derived from these regions
may not map unambiguously back to the genome.;they may map to multiple
genomic regions with equal probability. The praoblef such multiple-mapping ChiP-
seq reads arises in part due to their short lenGthiP-seq reads must necessarily be
short in order to provide good resolution proteimding locations in the genome; a
500bp read from ChlIP-seq would be easy to uneqalvoap to the genome, but would
give very little information about the exact locetiof the DNA-protein interaction. A
shorter read, on the order of <50bp, as most CétPdata sets contain, gives good
resolution regarding the location of the DNA-binglitout will have a much greater
probability of mapping to multiple locations in tgenome. If a TE insertion provides a
TFBS, the insertion is very young, and there araynsamilar TEs in the genome, then it
may not be possible to map the ChlP-seq readsttatrinsertion. For slightly older
elements, there will be far fewer possible placesap the reads. Many studies have
simply discarded multi-mapping reads for both simfyl of analysis, and a desire to be

conservative in their findings. However, this b@es an obvious problem when
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studying TEs, as this will result in the loss ofrp®f the reads coming from TE
insertions. To appropriately analyze ChlP-seq thatagards to TEs, some ‘rescue’

method must be used to resolve reads the map tiphladbcations.

Different Methods of Rescue

There are currently several different schools olitfht regarding ‘rescuing' reads
that map to multiple genomic locations. MAQ [116h very commonly used mapping
utility for short read data. When it encountesd®that map to multiple locations with
equal probability, it randomly chooses one of theations to map the tag. This poses
problems for TE-derived sequences, as it will diltte signal from legitimate TFBS,
potentially resulting in both false positives aatké negatives. This method also ignores
information on the local context of potential magsiions given by uniquely mapping
reads. MuMRescuelLite [111, 116] takes this infoiorainto account and assumes that
multi-mapping reads are more likely to come fromioas which already have more
uniquely mapping reads, and probabilistically deiees where a read most likely came
from. We recommend that MuMRescuelLite be used #iteinitial mapping to resolve

multi-mapping reads.

Peak Calling

Quality mapping is critically important for downsam analysis, and once this has
been achieved, the first step is often finding ksear, more generally speaking, regions,
that have a density of mapped ChlP-seq reads wignify higher than the background
(see Note 3). These peaks are the regions boutitebyf that is being looked at in the
ChlP-assay, and should contain the TFBS. Methadpdak calling, and indeed the area

itself, are still new, and while there is work t® ¢hone in the area, there are several
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quality software choices available for identifyipgaks in ChlP-seq data. PeakSeq [117]
and SISSRs [118] are two widely used utilities, anthis review, we recommend

SISSRs due to its good documentation.

Finding TE-derived TFBS

SISSRs attempts, and in general is highly succkeasfinding the TFBS to
within a few tens of base pairs based on the stoaietitations of reads forming the peak,
as well as the density of reads in the regionallgethe TFBS would always be at the
point of highest read density. In reality, it sry often co-located with the highest
density, or if not that then very near by and SIS&Rcorrect in its predictions the large
majority of the time. What this means, practicaidythat finding those regions identified
by SISSRs that are contained within TEs will teallwhich TFBS are TE-derived (see
Note 4). This can be accomplished in a numberayfsythe simplest being the creation
of two BED-formatted custom tracks for the UCSC Gae Browser [112], one from the
predicted TFBS and one from the TEs, and uploattiag to the browser. Then, the
table browser can be used to intersect the tradesNlote 5). Below, we provide a
specific step-by-step example of how this can beedgsing the software cited ection

2. Software.

Example

Here we provide an example using ChIP-seq datdnoCCCTC-binding factor
(CTCF) from the human ENCODE (ENCyclopedia of DNkef&ents) project [25].
CTCEF is zinc finger binding protein with multiplegulatory functions including both
transcriptional activation and repression as weihgulator and enhancer blocking

activity [119]. The ChiIP-seq data for CTCF areikade at
46



http://hgdownload.cse.ucsc.edu/goldenPath/hgl8¢iaG C/wgEncodeChromatinMap/.
For this example, we will be using the first repeti of CTCF and the control. The
majority of the steps in this procedure are dooenfthe command line in the Unix/Linux

operating system environment.

Mapping
The program Bowtie requires an index for the gentméthe user wishes to map the
tags to. This is accomplished with the ‘bowtielduitility. It takes as input a FASTA

file that contains the genome in question, the hugenome in our example:

$bowtie-build <human genome FASTA> <index name>

Building the index typically takes several hourpeleding on the machine, though once
built there is no need to build it again for difet samples. Bowtie takes as input a
FASTQ file and the parameters to control the magpsee Note 1), as well as the index

to use for the mapping:

$bowtie —g —v 4 —k 10 —m 10 --best --strata <index name> <FASTQ> <bowtie

output>

The mapping should be done for both the CTCF ClkliPset and the control set. Bowtie
is capable of mapping several thousand reads pendgor far more, depending on how

many cores it is allowed to use (see Note 1).

47



Multi-mapping Read Rescue
MuMRescuelL.ite takes all of the information that Bewtie output has, but the

information needs to be rearranged to meet thenagents of MuMRescuelite:

$awk [/ {print $1"\t"$7 + 1"\"$3"\t"$2"\t"$4"\t" $4 + length($5)"\t1"}3333
' < <bowtie output> > <MuM Input>

While the above command may appear dauntingsimply using awk to rearrange the
columns of the Bowtie output and put tabs betweemt MuMRescuelite is invoked

with a much simpler command:

$MuMRescuelLite.py <MuM Input> <MuM Output> <Window Size>

Keeping the window size small will prevent distagdds from rescuing reads that do not
really come from the location. We suggest keepiegwindow size under 100.
MuMRescuelLite produces output that is the sambaamput, with an additional column
that represents the calculated probability thatréael in question is from that site. Using
the desired probability cutoff for multi-mappingace use awk to create a BED track

from the MuMRescueLite output for analysis with SF:

$awk ‘$8 > <cut off> {print $3"\t"$5"\t"$6"\t"$4}’ < <MuM Output> > <Mapping

BED>

The output should then be sorted by chromosoma, dtat, then stop:

$sort —k 1,1 —k 2n,2n —k 3n,3n —0 <Mapping BED> <Ma pping BED>

As with the mapping, the rescue should be donédtn sets.
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Peak Calling
SISSRs takes as input the two BED files createlerprevious step, and creates

another file with peak calls:

$sissrs.pl —i <CTCF File> -b <Control File> -0 <Out put File>

Use of thei option to specifies the ChIP set as the input,thedb option to specify
the control set as the background. Tteoption tells SISSRs where to write the output.
Formatting the output into a BED file will allow extap of the identified TFBS with TEs

in the UCSC genome browser:

$awk ‘/rchr/ {print $1,$2,$3} < <Output File> > <T FBS BED>

Identification of TE-derived TFBS

The final step is to upload the SISSRs-identifiéB®, BED-formatted track to
the UCSC genome browser as a custom track. The péthe track should be changed
S0 as not to be overwritten by later tracks. Gihe¢is done, create another custom track
that will contain only TEs using the table brows&his can be done by filtering the
RepeatMasker track for only those repeats whicle lsavepClass’ of ‘LINE’, ‘SINE’,
‘LTR’, or ‘DNA.’ Intersecting the track of CTCF T&S with this TE-only track will give
those TFBS that reside in TE insertions. If etleing has gone right, then there should
be examples like that shown in Figure 4.3. Hewe, distinct CTCF binding sites are
shown for a solo long terminal repeat sequence ftenendogenous retrovirus family K
(ERVK). Although these particular binding sitesrevéentified solely based on ChIP-

seq data, they can also be seen to possess kno@h Kifiding site sequence motifs at
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the bound genomic intervals. Thus, a computatisnaley of TE sequences that possess

TFBS motifs may have turned up this example.
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Figure 4.3. An example of two TE-derived CTCF binthg sites found using ChiP-

seq data. A) Two CTCF TFBS (red) identified by the SISSRegram are found within
the long terminal repeat sequence of an endogeetavirus TE (ERVK in green). The
ChlIP-seq read density (blue) shows two peaks iEBR¥K that correspond to the CTCF
bound regions. Analysis of the bound regions &itBTCF position weight matrix
(PWM) [120] using the program CLOVER [121] confirtie presence of two conserved
CTCF binding site sequence maotifs in the regioesiified with the ChiP-seq data. The
sequences of the binding sites are shown compari@ tsequence logo representing
position-specific variation in the CTCF PWM. B)dgens orthologous to the ERVK
insertion site from completely sequenced mammajemomes were compared using the
vertebrate Multiz alignment. Sequence regions exesl between species are shown in
green. Regions flanking the ERVK element are caskin other mammalian genomes,
but the insertion itself is human-specific.
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Genome-wide there are 326 CTCF bound sites loaaitbth ERVK sequences,
and ERVK elements show more than an order of madeigreater likelihood to be
bound by CTCF than members of other ERV famili€se number of CTCF bound
ERVK sequences suggests that these TE-derived TBSolay some role in regulating
human genes, and in fact many ERVs are locatebbge proximity to genes. For
instance, the CTCF bound ERVK shown in Figure 4 ®¢ated in the 5’ regulatory
region ~6kb upstream of the ATAD3A gene.

ERV sequences in general, and members of the ERYHY in particular, are
young lineage-specific elements that are poorlyseored across species. Phylogenetic
analyses revealed that the ERVK family invadedpiimate lineage subsequent to the
diversification between New World and Old World rkegs [73]. Consistent with their
recent evolutionary origin in the human genome, ER¢quences have a mean PhyloP
(http://www.genome.ucsc.edu/cgi-
bin/hgTrackUi?hgsid=147315896&c=chrl&g=phyloPConsa§) base-wise
conservation score of 0.22, while the genome abB@erhas a mean score of 0.47.
Therefore, phylogenetic footprinting approachesictwidentify regulatory sequences in
non-coding DNA by virtue of their sequence consgova would be exceedingly
unlikely to turn up any cases of ERVK-derived TFB8deed, comparison of the CTCF
bound ERVK sequence shown in Figure 4.3 with odgols mammalian genome
sequence regions indicates that this particulanete copy human-specific and missing
in all other mammals. Such lineage-specific TEwder regulatory sequences may be of
particular interest in the sense that they couldelsponsible for driving regulatory

divergence between species [69, 101].

51



Notes
1. Bowtie is currently the fastest short-readradigavailable and our preference for
mapping short-read data, such as that generat€thlBrseq or RNA-seq. It has many of
the same advantages of MAQ, such as taking quaftlymation into account, but also
has other features useful for looking at TE-derisequences that MAQ currently lacks.
Bowtie is also quite memory-efficient and it scalesl with genome size. Bowtie can be
run with the human genome on a computer with 4GRAM, though on such a
computer nothing else should be started in the tmaanas when Bowtie is forced out of
memory it tends not to recover. Bowtie has a langmber of options for controlling
mapping and output, which can be listed by exegutiowtie with no arguments. The
more important options are listed and explaine@ her

-v <integer> This specifies that there can be only a certamber of
mismatches in the whole length of the alignmentveeh the read and genome, and not
just in the seed as the default behavior allowlsis & also important for resolving multi-
mapping reads. We suggest setting it fairly highase some bases in the read have
wrong calls and low quality scores.

-k <integer> This option is critically important among thoseadable. This
option tells bowtie that it should report more tlware mapping, as by default it reports
only the first. At the current time, MAQ will noéport more than one mapping.
Currently, MAQ will use the quality scores to chea@slocation and assign the mapping a
quality of 0. Output of multi-mapping reads anditlpossible location is essential the

rescue and analysis of TE-derived sequences.
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--best Giving this option will cause bowtie to report prthose mappings which
have the highest quality, and is recommended ifhyae the FASTQ data and not just
the FASTA data of base calls. This can greatlyicedhe number of multi-mapping
reads.

--Strata This option is used along with the --best opti@md will cause bowtie to
return only the highest quality mappings .

-m <integer> will eliminate reads that map more than m timé# suggest
making it the same as k. This will remove reads thap to so many places in the
genome that they could likely never be placed withfidence.

One major advantage of Bowtie is that it alldasthe easy use of multiple cores,
which every desktop shipped in the last ~3 yeass I&peed will become increasingly
important as the number of reads generated pencueases. On a dual-core machine,
such as a machine with an Intel Core Duo, onlyrgé t®advisable. However, on a quad-
core machine, it is generally advisable to use 2 cores. On an eight-core machine 6
cores are recommended. The number of cores (E@®3s set with the -p option. In
some unfortunate cases, FASTQ files from a ChlPespgriment are not available, and
only the base calls are supplied. In this case,wwould not supply the '-q' flag to

indicate FASTQ format. Itis in these cases thatrescue is especially important.

2. The ABI SOLID sequencing platform does not picelbase calls like the lllumina

platform, but rather 'color' calls that represeansitions between two bases. Bowtie

cannot currently map colorspace reads, and we sugge SOCS program for this
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purposg122]. Like Bowtie, it has generally low memory requirents and is also

capable of using multiple cores when available.

3. Though many peaks from ChiIP-seq data will beedarge and obvious, others may
be closer to the background noise. Complicatingiththat the background in ChiP-seq
is non-random, and tends to form peaks of its oiost peak-finding utilities will look
for peaks with just the ChiP-seq data alone, butynadso allow the use of both the
ChIP-seq data and a control set. By comparingtinérol set and the experimental set,

false positives that result from peaks not relatetthe ChlP can be removed.

4. While SISSRs and other peak finders do a veodgob of finding the actual TFBS
from ChlIP-seq data, they may still be off on ocoasiA more accurate way to find the
exact TFBS is to scan the identified TFBS, alonthwheir flanks, with a PSSM for the
TFBS motif with a program such as MA$II23]. This will give the exact location of the

TFBS if it exists in the peak region.

5. In this Chapter, we suggest using the UCSC @erBrowser and table browser for
the overlap of the identified TFBS and transposaldenents. This is very simple to do,
but requires loading BED-formatted tracks to thewser and (relatively) lots of manual
work. 'Kent Source Tree' is a large series dities, many of which form the back end
of the browser. One such utility, 'bedOverlap! wilerlap two sets of tracks without
having to upload them to the browser. Numerousraiiseful utilities include the

'‘bedItemOverlapCount’ utility, that can produceteos'wiggle’ tracks for the UCSC
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genome browser, which visualize the density of 38§ reads, and hence protein
binding intensity, along the genome. Compilatiod anstallation of the Kent Source

Tree is not always easy, but is recommended ifipless
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CHAPTER 5
EPIGENETIC REGULATION OF HUMAN CIS-NATURAL

ANTISENSE TRANSCRIPTS

Abstract

Mammalian genomes encode numerous cis-naturakasgsranscripts (cis-NATs). The
extent to which these cis-NATSs are actively regedadind ultimately functionally

relevant, as opposed to transcriptional noise, ilesreamatter of debate. To address this
issue, we analyzed the chromatin environment and Rdl Il binding properties of
human cis-NAT promoters genome-wide. Cap anabysgene expression (CAGE) data
were used to identify thousands of cis-NAT promstand profiles of nine histone
modifications and RNA Pol Il binding for these prat@rs in ENCODE cell types were
analyzed using chromatin immunoprecipitation fokmiby sequencing (ChiP-seq) data.
Active cis-NAT promoters are enriched with actingtihistone modifications and
occupied by RNA Pol Il, whereas weak cis-NAT proetstare depleted for both
activating modifications and RNA Pol Il. The ermigent levels of activating histone
modifications and RNA Pol Il binding show peakstesed around cis-NAT
transcriptional start sites, and the levels ofvatiing histone modifications at cis-NAT
promoters are positively correlated with cis-NATpeassion levels. Cis-NAT promoters
also show highly tissue-specific patterns of exgim@s These results suggest that human
cis-NATSs are actively transcribed by RNA Pol |l ahat their expression is
epigenetically regulated, pre-requisites for a fiomal potential for many of these non-

coding RNAs.
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Introduction

In recent years it has become evident that substg@artions of mammalian genomes are
actively transcribed as non-coding RNA, includihgusands of cis-natural antisense
transcripts (cis-NATS) [33, 34, 42, 43, 124]. GiaTs are transcripts produced from
within protein coding loci, but from the oppositeasd, and are thus complementary to
the sense mRNA transcript (Figure 5.1A). Cis-NAay play important regulatory

roles via transcriptional interference caused diystons of RNA polymerase complexes
moving in opposite directions across the same |§@41s44] or through the formation of
double stranded RNA leading to post-transcriptiaiahcing through RNA interference
[125, 126]. However, the extent to which non-cgdRNAs in general, and cis-NATSs in
particular, are biologically functional remains atter of debate. Some studies have
suggested that the majority of non-coding RNA tcaipss are non-functional and simply
represent transcriptional noise [127, 128], whileeos have found evidence in support of

function for numerous non-coding RNAs [19, 129,130
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Figure 5.1. Delineation and analysis of cis-NAT mmoters. Cis-NATs are initiated
from within protein coding gene loci and transcdle the opposite (antisense) direction.
(a) Example of a protein coding gene locus witleaig promoter that drives
transcription in the 5’-to-3’ direction along withcis-NAT promoter that initiates 3'-to-

5’ transcription within the locus. (b) cis-NAT trscription start sites (TSS) were defined
using clusters of overlapping antisense CAGE t&ysecific cis-NAT TSS locations

were taken as the base with the highest densityapiped CAGE tags within the cluster.
(c) cis-NAT promoter sequences were taken as genmgions immediately flanking
cis-NAT TSS, and the chromatin environment of c&INoromoters was analyzed using
ChIP-seq data for histone modification and RNA Pbinding.

Previously, investigators have interrogated thefiomal potential of novel non-
coding RNA transcripts by evaluating the chromatiwironment in-and-around their
promoters [19, 25, 131]. These studies were migi/hy the fact that the promoters of
well-characterized human genes have charactecistamatin properties, including
distinct protein binding and histone modificatiofies, and these particular chromatin

environments give indications as to the biologioakchanisms, both genetic and
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epigenetic, by which the genes are regulated [39121]. For example, chromatin
immunoprecipitation (ChlP-seq) studies have revktiat the promoters of actively
transcribed genes are occupied by RNA Pol Il antkethwith a suite of specific histone
tail modifications, such as acetylation of the mgsat position 9 of histone H3 (H3K9Ac)
[3, 4, 132], whereas silent gene promoters areetieghlfor RNA Pol Il and enriched for
known repressive modifications such as trimethgtatf lysine 27 of histone H3
(H3K27Me3). On the other hand, it has been shdwahthe promoters of many novel
non-coding transcripts that have been charactebyddgh-throughput sequencing
methods, but for which there is no additional supipg information, do not show
enrichment for histone modifications or an actitieocnatin environment [19, 25, 131].
Thus, chromatin can be used to discriminate betwleepromoters of actively regulated
genes versus putative TSS that probably repressmdriptional noise.

In this study, we evaluated the chromatin environinserrounding hundreds of
thousands of human cis-NATSs across six differen€CBEDE cell types for ten RNA
isolation conditions. We sought to establish whetir not cis-NAT promoters show
patterns of activity and chromatin modificationatthre consistent with epigenetic
regulation. We found that active cis-NAT promotars enriched with active histone
modifications and occupied by RNA Pol Il, wheredesrg cis-NAT promoters are
depleted for both active modifications and RNA Raind enriched for the repressive
modification H3K27Me3. These data provide evidefucehe epigenetic regulation of
numerous human cis-NATSs, presumably a pre-requisiteeir potential function as gene

regulators.
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Methods
CAGE data analysis

Human cis-NAT promoters were delineated using CAlata from the ENCODE
repository on the UCSC genome browser [28]. CA@t drom six cell types and across
ten RNA isolation conditions were used for thisdstu The cell types are: GM12878,
H1HESC, HepG2, HUVEC, K562 and NHEK. The RNA ig@a conditions consist of
polyadenylated and non-polyadenylated RNA fractimosh whole cells, cytoplasm,
nucleus, nucleolus and nucleoplasm. Altogethewtad of 16 different CAGE data sets
were analyzed here (Table 5.1 and Table B.1). CAdgE from each data set mapped to
the reference sequence of the human genome (NGEI2f1; UCSC version hgl8)
[133] were clustered by their genomic locationgientify promoters. CAGE clusters
with two or more co-located tags have previouskrbghown to represent validated
transcription start sites (TSS) [32, 54]; accortinGAGE clusters containing two or
more overlapping tags were used for the promotaelyaas reported here. For each
CAGE cluster, the actual TSS was characterizednolyrfg the base with the highest
density of mapped CAGE 5’-ends (Figure 5.1B). CA¢hksters that were anti-sense to a
protein-coding locus from the UCSC known genesvase taken to be cis-NAT
promoters as previously described [124] (Table BTy reduce contamination of the cis-
NAT TSS by the possible degradation products of RNl CAGE clusters that
overlapped an exon of the UCSC gene set were reatrfowm the set of cis-NATS.
CAGE clusters within 250bp of an annotated TSS fodein coding loci were taken to
be genic promoters and the TSS taken as the bts@&ak CAGE tag density. As a
control, CAGE clusters that overlapped an exormefldCSC gene set and were in the

same orientation as the exon were kept for analysis
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ChlP-seq data analysis

Histone modification and RNA Pol Il occupancy fas-8lAT promoters were
evaluated using ChIP-seq data from the ENCODE repgn the UCSC genome
browser [133]. Where available, FASTQ ChIP-se@dat the H3K4Me1l, H3K4Me2,
H3K4Me3, H3K9Ac, H3K9Mel H3K27Me3, H3K27Ac, H3K36M&and H4K20Mel
modifications in the GM12878, HIHESC, HepG2, HUVEG62 and NHEK cell types,
were taken from the ENCODE repository. A non-sfieaiput ChlP-seq control data set
was also analyzed for each of the ENCODE cell tygdsChlP-seq data were mapped
to the May 2006 build of the human genome refersecgience (NCBI 36.1; UCSC
hg18) using BowTie [110], keeping the best alignteevith ties broken by quality
scores. Any reads with more than 20 possible nmggpivere discarded. Remaining
reads with multiple, high quality mappings wereotesd using GibbsAM [134] (Table
B.3). Tag counts for a given modification weremalized by dividing by the total
number of mapped tags for that modification, theuitiplying by ten million. ChlP-seq
data were used to characterize the chromatin emvieat proximal to CAGE-

characterized cis-NAT promoters (Figure 5.1C).

Association mining analysis

For each cell type we used only the CAGE data fiteemucleus (GM12878,
HEPG2, K562 and NHEK), cytosol (HUVEC) or wholeld@gl1HESC) isolate to classify
the activity of sense genic promoters in relatmthie sum cis-NAT activity for the genic
promoter,.e. the sum of downstream cis-NAT promoter activigor each cell type,
genic promoters which had CAGE tags associated vasateed by their CAGE tag

counts, and the top 25% were classified as ‘higiviag in the cell type, while genic
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promoters that had no CAGE data or were in theobho25% were classified as ‘low
activity’ in the cell type. The same was donetf@ cumulative downstream cis-NAT
activity of the genic promoters. This resulteddar possible classification combinations
for cis-NAT and genic activity levels: 1) high d$AT & high gene, 2) high cis-NAT &
low gene, 3) low cis-NAT & high gene, 4) low cis-NIA& low gene. We then used
association mining to calculate the value ofltiterest(l) parameter, as previously
described [135], which is the ratio of the obserfrequency of co-occurrence of any two

classifications divided by their expected co-ocence based on random association.

Statistical analysis

Student’'s-tests were used to compare differences in theageemumber of
normalized ChiIP-seq tags +/-5kb of cis-NAT promster different cis-NAT activity
levels (Figure 5.2). We used the statistical safenR for calculating the Spearman’s
rank correlation coefficients for all correlationadyses (Figures B.3-B.4). The statistical

significance of Spearman’s rank correlation coedfits r was determined using the

Student’st distribution withd.f = n-2 with the formulat = r\/(n- 2) /(- r2) [136].

Results and Discussion

Large-scale identification of cis-NAT TSS

CAGE (cap analysis of gene expression) is a mefttiocharacterizing the 5’-end
of RNA transcripts; genomic mapping of CAGE sequeetags identifies transcription
start sites (TSS) and promoters [30, 31]. CAGEoed with high-throughput
sequencing can identify many thousands of TSS endtithe same time quantifying their

promoter activity via the number of reads mappmgdch TSS. CAGE data were
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analyzed as described in the Methods to identgyNAT promoters in the human
genome for the 16 different combinations of ENCOd2# type and RNA isolation
conditions analyzed here. The number of cis-NAdnputers identified in this way
ranges from 11,650 to 313,003 across the ENCODEypads (Table 5.1 & Table B.2).
We evaluated whether the large differences in @§-ldromoters identified across cell
types were due to differences in the numbers of EA&Ys per library or differences in
sequencing quality across libraries. Library-spiecead count values and read quality
scores are not significantly correlated with thenbers of cis-NAT promoters identified
across cell types, suggesting that the differenbssrved do not result from the CAGE

data abundance or quality.
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Table 5.1. Numbers of cis-NAT promoters identifid by CAGE clusters in each cell
line, sub-cellular location and poly-adenylation site.

_ Sub-cellular
Cell Line _ Poly-A- Poly-A+ Total
location
Cytosol 24,107
GM12878 Nucleoplasm 165,430
Nucleus 62,704
H1HESC Whole Cell 67,216
Cytosol 33,862
HEPG2 Nucleoplasm 214,364
Nucleus 265,896
HUVEC Cytosol 25,309
Cytosol 164,399 30,867
Nucleoplasm 79,677
K562
Nucleolus 112,308
Nucleus 313,003 148,461
Cytosol 11,650
NHEK
Nucleus 178,016
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Enrichment of chromatin modifications and RNA Pol Il at cis-NAT promoters

To characterize the relationship between local wlaton modifications and cis-
NAT promoter activity, we analyzed the number ofi/&keq tags from each histone
modification, and RNA Pol I, proximal (+/- 5kb) each cis-NAT TSS. The analysis of
cis-NAT chromatin modifications was conducted fércbmbinations of six ENCODE
cell types over ten RNA isolation conditions. Hexe present an example of these
results for one cell type and condition (NHEK ci#Ns characterized from nuclear non-
polyadenylated RNA); results for all other cell égoand conditions are detailed in the
Supplement. Cis-NAT promoters were binned intadat sized bins based on their
promoter activity, from lowest to highest activiag measured by CAGE tag counts.
Histone modifications and RNA Pol Il occupancy wtren compared for cis-NAT
promoters with different levels of activity. CisAN promoters showed significant
increases in ChlP-seq tag counts for the activdtisgpne modifications H3K4Mel,
H3K4Me2, H3K4Me3, H3K9Ac, H3K27Ac with increasingels of cis-NAT promoter

activity (Figure 5.2).
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Figure 5.2. Enrichment of chromatin modificationsand RNA Pol Il at cis-NAT
promoters. Cis-NAT promoters identified in the NHEK cell typeere divided into 4
bins based on their activity (lowest to higheshatgf), and the normalized average
numbers of ChIP-seq reads from each histone madldic +/-5kb of the cis-NAT TSS
were calculated for each bin. A '+’ or *-* abovéar indicates that the number of ChlP-
seq reads for that bin and modification is siguaifity higher or lower, respectively, than
the control for that bin (P < 0.001). A ‘+’ of Wwithin the bar indicates that a bin is
significantly enriched or depleted, respectivedy, the histone modification compared to
the next lowest activity bin (P < 0.001). Errordbahown are the standard error of the
mean.

Furthermore, each of these modifications showsfgigntly greater average cis-NAT
tag counts than seen for the ChlP-seq control (Ei§L2). These histone modifications
have previously been characterized as activatingdjfioations by virtue of their
association with the promoters of actively trartsedi genes [3, 4, 132]. H3K27Me3, on
the other hand, is known as a repressive modifindtiat is associated with silent genes,
and ChiIP-seq tag counts for H3K27Me3 are lower gean for the control in all cis-
NAT promoter activity bins (Figure 5.2). Similanajitative patterns are seen for
H3K9Mel, H3K36Me3 and H4K20Mel, but the tag cowddsot vary as much with cis-
NAT promoter activity. This is may be due to tletfthat these modifications are
associated with transcribed regions, where th&lé$-promoters are located, as

opposed to promoter regiopsr se[3, 132]. In other words, chromatin signals of
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promoter activity for these marks may be obscunethb fact that they are enriched
within gene bodies where the cis-NATSs are locat®gerall, the patterns of enrichment
seen for histone modifications at cis-NAT promotrggest that the cis-NATSs identified
here are epigenetically modified in accordance Withr relative expression levels and
are thus likely to be specifically regulated, whista pre-condition for their functional
relevance, as opposed to non-specific artefacts asi®RNA degradation products. For
all activity levels, the level of Pol Il binding legher than seen for the non-specific input
control, suggesting that regions near cis-NAT prtar®are bound by Pol II.
Qualitatively similar patterns of histone modifiicat and Pol 1l occupancy across
different cis-NAT promoter activity levels were sder 14 out of the 15 remaining
CAGE data sets analyzed here; the only exceptianth@NHEK cytosol CAGE data set
(Figures B.1 and B.2).

To further evaluate whether histone modificatioresewcorrelated with cis-NAT
promoter activity, cis-NAT promoters were divideda 200 bins based on activity as
measured by CAGE tag counts. Cis-NAT TSS CAGEctagts were then compared to
ChlP-seq proximal promoter histone modification &MIA Pol Il tag counts using the
Spearman rank correlation (Figures B.3 and B.43-NAT promoter activity and
histone modifications generally showed positiveelations for the activating H3K4
methylations and H3K9 and H3K27 acetylations andkee, though still positive
correlations for the H3K9Me1l, H3K36Me3 and H4K20Mueaadifications. A weaker
negative correlation was seen for the repressiveZdBle3 modification. As would be

expected for actively transcribed promoters, theas also a positive and significant
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correlation between cis-NAT promoter activity andARPol Il presence and RNA-seq

read density.

Histone modification, RNA Pol Il occupancy and trarscription near cis-NAT
promoters

The enrichment of activating histone modificatiamsl RNA Pol Il occupancy
near active cis-NAT promoters suggests that cis-MApression is epigenetically
regulated; however, this enrichment could resolinficis-NATSs being located in open
chromatin regions inside gene bodies, and not tft@promoters being specifically
modified to regulate their activity. To evaluatéstpossibility, we analyzed the
distribution of histone modifications and RNA Pbbtcupancy around cis-NAT TSS. If
the enrichment of chromatin modifications obserigctis-NATS is due solely to their
location in open chromatin, then we do not expe&ee any variability in enrichment
along chromosomal regions surrounding cis-NATs. o@rer hand, actively regulated
cis-NATs would be expected to show modificationkseeentered around the TSS as has

been seen for the promoters of protein coding[Ba#, 25, 132].
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Figure 5.3. Chromatin modification and RNA Pol Il environment around cis-NAT
promoters. Cis-NAT promoters identified in the NHEK cell &ypvere divided into 4
bins based on their activity (lowest to highest)d ¢he normalized average numbers of
ChlIP-seq reads in 10 base-pair windows +/-5kb @fcib-NAT TSS (at position 0) were
calculated for each bin.
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Cis-NAT promoters were broken down by activity lees described above, and
the average numbers of ChlP-seq tags were calduiatd 0 base-pair windows +/-5kb
from cis-NAT TSS (Figure 5.3). Methylations of H8KH3K4mel, H3K4me2 &
H3K4me3) are known activating marks of promoteis4g8d were all found to be
enriched near cis-NAT promoters for the NHEK nuclean-polyadenylated RNA data
set (Figure 5.2). In further accordance with tlegilgenetic regulation, peaks of ChlP-
seq read density from the H3K4Mel, H3K4Me2 and HglK8 modifications were
observed on either side of the cis-NAT TSS in faise data set, with more active
promoters being more highly modified on averaggyFe 5.3b,c,d). A notable dip can
be seen near the cis-NAT TSS for these three noadiibns, suggesting nucleosome
absence, similar to what has been seen at candi$&in CD4 T-cells [4]. Similar
patterns were seen for the activating acetylatadrit$3K9 and H3K27 (Figure 5.3e,Q).
No discernable difference between bins was seethéorepressive mark H3K27Me3
(Figure 5.3)). The similarities seen for the gemodistributions of cis-NAT promoter
modifications to those of protein-coding loci praes [3, 4, 25, 132] provides evidence
that cis-NAT expression is not simply transcriptresulting from open chromatin, but is
specifically regulated. The nucleosome absenae eeen at the TSS with the lowest
activity suggests that these TSS, which are identiby only a small number of CAGE
tags, ardona fideTSS that have been epigenetically silenced byphéstieacetylation.
Pol Il occupancy is seen at the TSS for all agtibins, with the higher activity bins
showing a much higher occupancy, in accordance thélactivity of the bins (Figure

5.3k). The H3K9Mel, H3K36Me3, and H4K20Mel moditions show levels of
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enrichment similar to the control with no obsereabhrichment on either side of the TSS
(Figure 5.3g,h,i). This is likely to be due tetfact that these modifications are
associated with actively transcribed regions, saghene bodies, where the cis-NAT TSS
in this study are located [3, 132]. RNA-seq ddsa peaks near the cis-NAT promoters,
and increases with cis-NAT promoter activity (Fig&r.3l). Patterns of modification near
cis-NAT TSS using CAGE and ChliP-seq data were tatalely similar for 10 out of the
15 remaining CAGE data sets analyzed here; the Bep@leus, K562 nucleoplasm, and
both K562 nucleus CAGE sets have greatly distgoegterns of modification (Figures
B.5 and B.6). Taken together, these data indichiadcis-NAT promoters show
genomic distributions of histone modifications &MA Pol Il binding around TSS that
are consistent with specific activation of trangttan at the TSS as opposed to a simple
accumulation of activating marks inside activebnscribed protein coding gene regions.
For comparison, the same chromatin enrichment aaalwere done for CAGE
clusters associated with genic promoters in th&l€@EDE cell types. The patterns of
local histone modifications for these promotersenargely qualitatively similar to those
seen for the cis-NAT promoters (Figures B.7 and B84, 25, 132]. However, histone
modification levels and RNA Pol Il binding are stédially more enriched around genic
promoters. In addition, genic promoters show dgtenrichment patterns for
H3K9Mel, H3K36Me3and H4K20Mel,; these differencesléely due to the location
of cis-NATSs in gene bodies, which differ with resp#o the distribution of these
particular modifications. Overall, these resuligtier support the functional and
regulatory potential of cis-NAT promoters that antively transcribed, albeit at lower

levels than genic promoters.
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It is formally possible that the cis-NAT chromaénrichment patterns observed
here can be attributed the fact that the cis-NA&sawdentified using CAGE, and any
CAGE cluster would show such a pattern. To corfoothis possibility, we performed a
similar analysis using CAGE clusters overlappingrexin the sense orientation, which
may not be expected to show the same pattern officedtbn as CAGE clusters
associated with genuine promoters. Indeed, setse®CAGE clusters have previously
been suggested to represent transcriptional detjpadaoducts, as opposed to
promoters, and were not found show promoter chariatt chromatin profiles [137].
Here, we performed the same set of chromatin emecih analyses done for cis-NATs on
exonic CAGE clusters. The patterns of histone fications near exonic CAGE clusters
are markedly different from those seen for cis-Ng&®moters and genic promoters
(Figures B.5 and B.6). These results indicate thetis-NAT chromatin enrichment
profiles observed here are not simply a generikerdor the presence of CAGE

clusters.

Differential expression of cis-NAT promoters

Differential expression of cis-NATs was measurectbynting the fraction of the
6 ENCODE cell types in which each cis-NAT promoates expressed. In order to
remove cis-NATs whose expression falls below thetlof CAGE detection, only those
cis-NAT promoters that show activity higher thae 80th percentile in some cell type
were used. On average, these cis-NAT promotersxaessed in 33% of the ENCODE
cell types studied here compared to 43% seen fuc ggomoters (Figure 5.4a), this
difference is statistically significanP(0, Wilcoxon rank sum) indicating that cis-NAT

expression is more cell-type specific than genjression.
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Rarefaction curve analysis was used to evaluatextent to which each
individual CAGE data set uncovers novel cis-NATmpaters compared to novel genic
promoters. For this analysis, the average numidfess-NAT or genic promoters
detected across all possible CAGE data set combnsatranging from 1-16 data sets,
were calculated. Compared to genic promotergyrafgiantly smaller fraction of cis-
NAT promoters is detected when one or only fewant@ CAGE data sets are
considered (P < 0.001, Wilcoxon rank sum) (Figudbh For both genic and cis-NAT
promoters, the number of new promoters detecterkdses rapidly as more CAGE sets
are considered, suggesting that most cis-NAT anicggomoters have been captured.
The differences seen for the cis-NAT versus geuiees further underscore the extent to

which cis-NATSs are specifically regulated.

Association between cis-NAT and genic promoter asfity

Previous studies have suggested that the presénieATS leads to the down-
regulation of gene expression[44]. If cis-NATs sr@eed repressive regulatory
elements, then one may expect to observe a negativelation between cis-NAT
expression levels and the expression levels ofjéimes in which they are found. To
evaluate this prediction, we regressed the actleitgls of genic promoters with those of
the corresponding cis-NAT promoters, however noatation was apparent (Figures B.9
and B.10). Therefore, we used a more sensitive mating approach to search for
possible associations between genic promoter acawd cis-NAT promoter activity. To
do this, genic promoters were classified as hakigh or low activity, and the
corresponding genes were classified as havingdrdw cis-NAT activity in each of

the 6 cell types as described above. Associatiommthen was used to evaluate the
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levels of co-occurrence of the four possible game@s-NAT activity category
combinations: 1) high cis-NAT & high gene, 2) high-NAT & low gene, 3) low cis-
NAT & high gene, 4) low cis-NAT & low gene. We fod that co-occurrence of high
cis-NAT and high genic promoter activity occurs apgmately twice as frequently as
would be expected by chance (Figure 5.5 and Tallg EBSimilarly, the frequency of
high/low associations is much lower than would keeeted and the frequency of
low/low associations is higher than expected. Bsmsociation remains when only those
cis-NAT promoters distal (> 2.5kb downstream) te fenic promoter or proximal (<
2.5kb downstream) to the genic promoter are consid@=igures B11 and B12 and Table
B.5 & B.6). These results raise the possibilityt tine majority of cis-NATs are activating

rather than repressive regulatory elements.

Conclusions

It has been known for some time that there is adimisense transcription in the human
genome, though it has only recently become appestizow pervasive it is. However,
the functional significance of human cis-NATs isiatter of debate; it is possible that
many of the apparent cis-NATs actually represemtdcriptional noise or degraded
fragments of sequence processed from larger tiptsciHere, we have attempted to
address the potential functional significance ahha cis-NATs genome-wide by
evaluating the chromatin environment and regulapooperties of their promoters. This
approach is based on the rationale that specificatjulated promoters will have distinct
chromatin profiles and protein binding propertidscordingly, the presence and

distribution of such chromatin features at the poters of novel uncharacterized
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transcripts, when considered together with theatree activity levels, can be used to
provide support for their regulation and potentigictional significance.

Taking advantage of methods for characterizinggandbinding and histone
modifications genome-wide, we demonstrate thavadtuman cis-NAT promoters are in
fact enriched for histone modifications and RNA Rdlinding. Furthermore, histone
modifications and RNA Pol Il binding peak at cis-INASS, and the levels of histone
modifications and RNA Pol Il binding are correlateiih the activity of the cis-NAT
promoters. These data suggest that the expresSlamman cis-NATSs is driven by RNA
Pol Il and at least partially regulated by the nficdtion of histone tails. While the
specific function of individual cis-NATs remains apen question, the fact that the cis-
NAT promoters are bound by RNA Pol Il and epigeradly modified suggests that they
are specifically regulated. Indeed, the presefd®ih cis-NAT promoters with
activating marks and cis-NAT promoters with reprassnarks is consistent with the
high levels of differential expression observedeter cis-NATs and tissue-specific
regulation of their function. While the cis-NAT rdmatin and expression features
uncovered here are consistent with a function& asl regulators, they may also be taken
to represent a required pre-condition of functi@efinitive confirmation of the

functional role for cis-NATs will await experimemtaalidation of individual cases.
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CHAPTER 6

ENDOGENOUS RETROVIRUSES AND THE EPIGENOME

Abstract

Endogenous retroviruses (ERVs) are the evolutioramnants of retroviral germline
infections, which are no longer capable of intdtdat infectivity. Despite being

confined within the genomes of their hosts, ER\ésable to replicate and spread via
retrotransposition. This replicative process hétpsnsure the elements’ proliferation
and long term evolutionary success, but it alscoses a substantial mutational burden
on their host genomes. Accordingly, host organisege evolved a variety of
mechanisms to repress ERV transposition, includpigenetic mechanisms based on the
modification of chromatin. In particular, DNA metation and histone modifications are
used to silence ERV transcription thereby mitigatimeir ability cause mutations via
transposition. It has recently become apparentepigenetic and chromatin based
regulation of ERVs can also exert substantial r&tguy effects on host genes. In this
chapter, we provide a number of examples illustggliow chromatin modifications of
ERV insertions relate to host gene regulation idicig both deleterious cases as well as
exapted cases whereby epigenetically activated ElRivients provide functional utility

to their host genomes via the provisioning of naegulatory sequences. For example,
we discuss ERV-derived promoter and enhancer segaen the human genome that are
epigenetically modified in a cell-type specific man to help drive differential

expression of host genes. The genomic abundarteR\d$, taken together with their

proximity to host genes and their propensity teprenetically modified, suggest that
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this kind of phenomenon may be far more common grawmiously imagined.
Furthermore, the environmental responsivenessigéeptic pathways suggests the
possibility that ERVs, along with other classegpigenetically modified TEs, may serve
to coordinately modify host gene regulatory proggamresponse to environmental

challenges.

Introduction

Endogenous retroviruses (ERVs) are the genomic aatsrof retroviruses that integrated
into a host genome and subsequently lost the yhilieave the host cell, instead
replicating within the host genome [138]. Evoluatwoily, ERVs are members of a
broader class of mobile genetic elements knownTd®-tontaining retroelements;
included in this broader set are the LTR retrotpassns. LTR-containing retroelements
are named for the Long Terminal Repeats (LTRs)daatrtheir 5’ and 3’-ends. These
LTRs are direct repeats, identical at the timeneértion, and contain regulatory
sequences required for element transcription. Lfes of ERVs and LTR
retrotransposons are highly similar in structurd amction [139]. The similarity
between ERVs and LTR goes beyond the presence @fftR sequences, however. In
fact, LTR retrotransposons have been referred teesmsy ‘retrovirus-like’ elements due
to their similarity to both ERVs and retrovirusé$.[ Both ERVs and LTR
retrotransposons contain coding sequences necdesdngir integration into the host
genome as well as a region encoding a reversectiptase that catalyzes the
polymerization of DNA from an RNA template. Comigan of reverse transcriptase
sequences from diverse retrotransposons and viregealed that retroviruses and ERVs

are most closely grouped with LTR retrotranspog®f898-141]. Phylogenetic
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reconstructions based on reverse transcriptasesegualignments indicate that
retroviruses and ERVs represent a monophyleticefudioverall LTR retroelement
diversity and show that the LTR retortransposomnsifa basal clade to this group with
greater relative diversity. These data were tdkendicate that, at some time in the
distant past, retroviruses emerged from withinlflR retrotransposon lineage via the
acquisition of an envelope protein coding sequénaeconferred intercellular
infectivity, i.e. the ability to escape the confines of the hob{t89]. Thus, ERVS,
which are a group of retrovirus-derived sequenasdre no longer capable of
intercellular infectivity, represent a reversiorthe ancestral state of LTR
retortransposons as non-infectious genomic elements

As with other classes of retrotransposable elemé&fiR-containing
retroelements, including ERVs, are able to increélasg copy number in the genome via
retrotransposition. Through retrotranspositionR=dontaining retroelements can
achieve high copy number within genomesg}.~700,000 insertions in the human
genome, comprising 8% of the total genomic sequgtjceThe retrotransposition of
ERVs and other LTR retroelements can cause deteternutations in the host. In
mouse, where ERVs are highly active, it has beémated that 10% odle novo
mutations result from novel ERV insertions [7, 14ERYV insertions can cause
deleterious mutations via a number of mechanisriadmg the induction of
transcriptional aberrations in host genes. Fomgpte, integration of the Ten mouse
ERV into the second intron of the Fas (tumor ndsrtactor receptor superfamily,
member 6) gene has been shown to lead to abepiginhg of Fas transcripts via the

donation of splice donor and acceptor sites thaseahe inserted ERV to be spliced into
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the nascent host gene transcript [143]. This léaasutant mice with an autoimmune
phenotype. More recently, it has been shown tiggrtion of a mouse ERV into to an
intron of the Slc15a2 (solute carrier family 15,mieer 2) gene can cause pre-mature
transcriptional termination at distance via a distimechanism that does not involve
changes in the splicing of the gene [144]. Thiseavork revealed that similar pre-
maturely terminated transcripts occur in ~5% of s@genes with intronic
polymorphisms of ERVs.

In order to prevent deleterious insertions of ERYd other LTR-containing
retroelements, host genomes have evolved a variethyechanisms to suppress element
transposition [145]. Among these mechanisms, egte and chromatin based silencing
of insertions by the host limit the ability of teeements to produce mRNA, thereby
greatly reducing the likelihood that they will barisposed [146, 147]. A number of
recent studies on mammalian chromatin have denaiadtthe extent to which ERV
element sequences are marked with repressive histodifications, which presumably
limit their transcription. For example, using CHPER (Chromatin Immunoprecipitation
followed by PCR amplification), Martens et al. demtrated that Intracesternal A
particle (IAP) insertions, a family of ERVs, arebgect to the repressive H4K20Me3
(trimethylation of Histone 4 K20) histone modificat, while at the same time showing
very low levels of the activating mark H3K4Me3 tbese same elements [148].
Similarly, using ChIP-seq (Chromatin Immune-Preeifion followed by massively
parallel sequencing) [149], Mikkelsen et al. fouhdt mouse ERVs are enriched for the

epigenetically silencing histone modifications H3®&3 and H4K20Me3 [150]. Using
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ChliP-seq data from CD4+ T-cells, Huda et al. &smd that human LTR-containing
retroelement insertions were enriched for sileng¢irsgone modifications [151].

While most chromatin studies of ERVs to date Haeesed on the epigenetic
silencing of these elements for the purpose of gendefense, it has become
increasingly clear that epigenetic modification€&Vs and other LTR-containing
retroelements can also have profound effects oretipdation of host genes. In other
words, epigenetic modifications of ERV sequencesat only used to repress element
transcription, but can also be exapted [94, 15PtHe purposes of controlling host gene
expression. For example, epigenetic silencinghdERYV insertion near the promoter of a
host gene could possibly reduce the transcriptiaogity of that gene. Alternatively,
ERV or LTR-containing retroelement insertions cobéactively modified and regulated
in a way that benefits the hostg.as an alternative promoter for a host gene or an
enhancer that regulates gene expression at dist&wsh exapted insertions could help
to diversify the host transcriptome as has been f@ean ERV-derived promoter driving
the expression of the IL-2 receptor beta gene mdruplacenta [18]. In this chapter, we
focus on these kinds of chromatin mediated regotagaptations of ERVs and other
LTR-containing retroelements. We provide sevexaheples of recent studies showing
how epigenetic modifications of these kinds of edaets can affect the regulation of host
genes in a variety of eukaryotic species. Firstewplore host gene regulatory effects
exerted by the epigenetic silencing of LTR retroedats (sections 2-4), and then we
focus on how activating chromatin modification leése kinds of elements can also effect

the regulation of nearby host genes (sections 5-7).
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Epigenetic silencing of LTR retroelement insertioms Arabidopsis thaliana

In an early study on the effect of transposableneld (TE) insertions on the local
chromatin environment, Lippman et al. charactertbedchromatin environment of a
genomic region iMrabidopsis thalianavhich arose from an ancient segmental
duplication [146]. This duplicated chromosomalioegs a so-called ‘knobi,e. an
interstitial heterochromatic region, which was fduo contain many LTR
retrotransposon and other TE insertions that ar@msent in its duplicated counterpart.
These TE insertions are evolutionarily young intdicathat they were inserted into the
knob region after the ancient duplication by whitclvas generated (Figure 6.1). The
coincidence of heterochromatin and novel TE insegiin the knob region was taken to
suggest that these insertions led to the formatfonterstitial heterochromatin after
duplication, presumably as a result of host chramzdsed silencing mechanisms that
were targeted to these TEs. Using tiling arraygpinan et al. demonstrated that the TE
insertions in the knob were in fact marked with DNwthylation and the repressive
H3K9Me3 histone modification, with elements of thgsy family being particularly
heavily modified. Knockdown of the DNA methyltrdesaseddmlresulted in the
decrease of the levels these repressive marke ikntbb region and an increase in LTR

retrotransposon expression therein, mainly frongypesy family of elements.
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Figure 6.1. Generation of an interstitial heterochomatic region driven by
transposable element (TE) insertions.(a) An ancient segmental duplicatiorAn
thalianaled to two paralogous regions. (b) One of thelidaged regions is subject to
multiple TE insertions (left), including numerou$ R retroelements, while the other
duplicated region remains largely free of suchritises (right). (c) The region with TE
insertions (left) is subject to repressive epigemabdifications (red) and depletion of
activating modifications (green), while the reveisseen for the region without the
insertions. Figure adopted from [146].

This study demonstrated that insertion of LTR-covitg retroelements could
lead to the in situ formation of heterochromatirire particular region of a eukaryotic
genome in response to host defense mechanismsldrate element expression. These
findings suggested that the novel insertions of {cORtaining retroelements could have
genome-wide effects via the generation of loca¢toethromatic regions that can silence

nearby host genes.
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Epigenetic silencing of LTR retroelement insertioasd the effect on nearby genes in

A. thaliana

The results from Lippman et al. demonstrated tAd& insertions generate novel
heterochromatic regions A thaliang and they also showed that genes co-located with
TEs in the heterochromatic knob-region were exgess lower levels than their
paralogs located in euchromatin. Indeed, if an {¢DRtaining retroelement insertion
near or within a transcribed locus is epigenetycsilenced, then it may be possible for
the element silencing to affect expression of teegas well. Based on this line of
thinking, Hollister and Gaut sought to charactettzeeffect of methylated TE insertions,
including ERVs and other LTR-containing retroelemesertions, on the expression of
nearby geneé. thaliana[153]. Initially, they observed a globally lowexpression of
genes near TE insertions; however, this did na tato account the epigenetic state of
the insertion. Using genome-wide bisulfite sequemdata, they went on to demonstrate
a genome-wide depletion of methylated TE insertiogsr genes, suggesting that such
insertions are selected against, perhaps by vofttigeir silencing effects on nearby gene
expression. In fact, the authors demonstratedgd¥ags proximal to such methylated
insertions were expressed at lower levels, indigatthat the methylation of TE insertions
near genes reduces their expression. In linethéhole of selection in removing
methylated TEs from the proximity of genes, Hodlistnd Gaut demonstrated that
methylated polymorphic TE insertions near geneswkewed towards rare variants.
Furthermore, this effect was observed only foriitiges <1.5 kb from genic loci,

pointing to locally confined spreading of methytetifrom TE insertions into nearby or

adjacent genes. Indeed, older methylated TEs foaral to be farther from genes,
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suggesting that selection has not acted on thdtrhas on younger methylated TEs near
genes.

The depletion of LTR-retroelement and other TE iitiges within and near genes
has been observed for a number of eukaryotic spacié itself strongly suggests that
such insertions are selected against. The studyotlister and Gaut provided a specific
mechanistic basis for this selectiae, the fact that methylated insertions within andrne
genes are deleterious by virtue of their silen@ffgcts on gene expression. Given what
these authors observed, it seemed possible thagédietion of neighboring gene
expression by the insertion of a TE could also oatwther species that epigenetically
silence TE insertions and could perhaps be ever prafound in genomes that are

denser in repetitive elements.

Heterochromatin spreading from polymorphic IAP ing®ns in the mouse genome

The mouse IAP family of ERVs is a highly activettws-26,000 annotated insertions [7].
While Mikkelsen et al. previously showed that 1AiRertions in mouse were
epigenetically silenced [150], the effect that saténcing would have on nearby genes
remained largely unexplored. Recently, Rebollaleinvestigated the possibility that
novel IAP insertions in mouse could lead to therfation of local heterochromatin and
the spreading of heterochromatin away from thertiseinto nearby sequences [154].
To do this, Rebollo et al. characterized IAP inse which were polymorphic between
two mouse cell lines, allowing them to observedpmenetic state of the IAP insertion
site with and without the insertion. It was fouhdt the borders of IAP insertions, both
those which were polymorphic between the two gglés and common IAP insertions,

were enriched for the repressive H3K9Me3 histondifitation. The enrichment of
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H3K9Me3 was found to spread from the borders ofl#feinsertion up to a maximum of
5kb. Importantly, for polymorphic IAP insertiorRebollo et al. showed that the pre-
insertion site in the cell type without the IAPén8on was not enriched for H3K9Me3,
indicating that the novel IAP insertion was thersewf the repressive modification.
The spreading of repressive modifications fromAR insertion raised the
guestion as to whether or not such spreading dealtifrom the insertion to a nearby
promoter (Figure 6.2). Indeed, Rebollo et al. wadrke to find an example of a
polymorphic IAP insertion proximal to a mouse geféere is an IAP insertion
upstream of th&3galtl promoter which is present only in the J1 cell type the J1 cell
type, DNA methylation and the repressive histonelifrcation H3K9Me3 extend from
the IAP insertion into the promoter of tB&galtl gene, which is accordingly down-
regulated in J1 compared to the TT2 cell line theks the gene proximal IAP insertion.
Such a spreading of heterochromatin from LTR insestinto nearby genes, and the
negative regulatory effects caused by such sprgadould explain the apparent negative
selection against LTR insertions near promotersipusly observed for the mouse and

human genomes [68, 70].
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Figure 6.2. Spreading of heterochromatin from a noel IAP insertion. (a) An active
mouse gene promoter region prior to an IAP insertia. (b) Cell-type specific
insertion of an IAP element near the active mouwseegromoter. (c) The IAP insertion
is silenced with the repressive histone modificatt8KOMe3 (red circles) and this
repressive mark spreads to the nearby gene promestdting in silencing of the gene.
Figure adopted from [154].

It is worth noting that when looking for instanaglere the insertion of an IAP
element led to heterochromatin spreading and &lberaf gene expression, Rebollo et al.
looked only at those IAP insertions proximal torpagers. In addition to promoters,
there are many thousands of enhancers scattereuh &itd between mammalian genes.

Visel et al. characterized several thousand enmameenouse tissue samples, many of
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which were active in only one of the cell typeslgpad [155]. Similarly, Ernst et al.
characterized many thousands of likely human ergsbased on their profile of active
histone modifications [156]. Such active histonadifications are likely important in the
function of the enhancers, and it stands to retisaran IAP inserted near an enhancer
could reduce its function via the spreading of espive epigenetic histone modifications.
Indeed, the insertion of an IAP element near araeoér could conceivably affect the
expression of a gene in a more specific manor pnamoter proximal insertions since

enhancers tend to be more cell-type specific tmampters.

Demethylation of an IAP insertion leads to ectomgpression of the agouti gene in

mouse

While many ERVs are epigenetically silenced, ltksly, given the large number of
insertions present in many genomes, that someeggthpe such silencing, or even
become actively modified. Indeed, Hollister anduGshowed that not all LTR
retroelement insertions are represseé.ithaliang a large number are demethylated
[153], and it would not be surprising to find thatR retroelements in other species
could also be demethylated. Given that ERVs cartteir own promoters and
regulatory sequences, it is conceivable that wieenethylated their promoters could
potentially transcribe through or away from theserted sites into nearby genes. Given
the genomic abundance of ERVs and other LTR-cointgiretroelements, it would seem
probable that a number of demethylated insertioadilkely to transcribe nearby host
gene sequences. One such example of this phenaroenors at thagoutilocus in

mouse.
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Theagoutigene in mouse controls the pigmentation of moos¢scand hair
follicle development. There exist mouse straingchvishow ectopic expression of the
agouti gene, predisposing the mice to tumors amgitb[157]. Interestingly, the ectopic
expression of thagoutigene is widely variable: the expression ranges fntice which
express it widely, to those which show variegatioexpression and those which show
no ectopic expression and are otherwise phenotijpmarmal. It was demonstrated that
the ectopic expression was not driven by the caabpromoter of thagoutigene, but
an IAP insertion upstream of tlagouticoding exons and that the level of expression
driven from this IAP was correlated with the denyédlion its LTR (Figure 6.3) [157,

158].
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Demethylation of the IAP leads to activation
of the cryptic promoter

Figure 6.3. Demethylation of an IAP leads to ectap expression of the agouti gene.
(a) In phenotypically normal mice, tlagoutiproximal IAP insertion is subject to DNA
methylation (5mC, red circles) and is inactive.céwingly, agouti gene expression is
driven by its canonical promoter in the approprigdsues. (b) In mice where the IAP
insertion is demethylated, it can drive ectopicrespion of the nearlggoutigene from
a cryptic promoter encoded by the IAP insertiorguFe adopted from [158].

Thisagoutilocus represents a departure from the usual reagtehind the
epigenetic silencing of LTR-containing retroelenseamd other TE insertions: rather than
preventing retrotranspositigrer se epigenetic silencing of the IAP insertion seriges
prevent deleterious transcription from the IAP itis@ into the neighboringgoutigene.
While theagouticase was a single example of an ERV altering gémfunction when
demethylated, the large number of insertions withikaryotic genomes, ~700,000 and
~850,000 in the human and mouse genomes [1, flally guarantees that other such
de-repressed LTR retroelement insertions can arattlas promoters. Further, while

transcription from the IAP insertion in tlagoutilocus is deleterious, other de-repressed
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insertions could prove adaptive and become exdptddnction in the host genome.
Indeed, several hundred promoters derived from CORtaining retorelement insertions
have been characterized in the human genome [@8gpigenetic characterization of

which we discuss in the next section.

Actively modified ERVs and human gene promoters

The initial phases of the ENCODE project [25, 2&8}& allowed for the unprecedented
characterization of the epigenetic state of thgdanajority of sites in the human
genome, including many repetitive elements whiahi@oot previously be characterized
using array based techniques. Of equal importaheeENCODE project has allowed for
the comparison of the epigenetics state betweémypels. Such comparisons allow for
the detection of sites with differential modifieatiwhich could in turn contribute to cell-
type specific patterns of gene expression. In@est and 7, we review studies of host
gene promoters and enhancers respectively, baseIGODE data from human cell
lines, which demonstrate activating epigenetic rications of ERVs and other LTR-
containing retroelements and show how these redetivinsertions may drive cell-type
specific patterns of gene expression.

Theagoutilocus in mouse demonstrates that the inserti@and&RV insertion
near a gene can lead to the use of the insertian aternative promoter for the gene.
Indeed, ERV and other LTR-containing retroelemesrivedd promoters, in both mouse
and human, have been characterized in severaestudi 2004 study identified 81 genes
expressed in early mouse embryos for which then8’-and thus the promoter, was
derived from an LTR retorelement insertion [159|later study used Paired-End diTag

(PET) data [80] to characterize 114 distinct ERVhdel promoters in the human
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genome [98], and a study by Faulkner et al. andlgzkarge set of CAGE (Cap Analysis
of Gene Expression) [31] libraries to investigdie potential promoter activity of LTR-
containing retroelement insertions in diverse huath mouse tissues [32]. While these
studies characterized a breadth of LTR-containgtigpelement-derived promoters, the
epigenetic status and/or chromatin modificationghee insertions was not investigated.
Huda et al. investigated the epigenetic regulabiohE-derived promoters in the
human genome, including those promoters derived fE®RV and other LTR-containing
retroelement insertions [160]. The authors idesdiflL,520 distinct promoters derived
from TE insertions, among them over 300 promoterssdd from LTR-containing
retroelement insertions (Figure 6.4). Using Ch#g-data from the GM12878 and K562
cell lines, Huda et al. characterized the epigerextvironment of the TE-derived
promoters, finding an enrichment of activating nficdtions for active promoters along
with a concomitant depletion of the sole represamaek used, H3K27Me3. Of note,
promoters derived from LTR-containing retroelemesfitewed the greatest divergence of
histone modification and activity between the GM12&nd K562 cell types. Such a
divergence suggests that LTR-containing retroelénmsertions have helped to diversify

patterns of mammalian gene expression.
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Figure 6.4. Cell-type specific epigenetic activatioof human ERV-derived

promoters. (a) In one cell type, a human ERV insertion igjeat to repressive histone
modifications and accordingly is not used as a jtemfor the adjacent host gene. (b) In
a different cell type, the same ERV insertion igked with activating histone
modifications,e.g.H3K9Ac (green circles), leading to active trangtan of the adjacent
host gene from the ERV promoter. Figure adoptechff160].

This study by Huda et al. demonstrated on a gernwighe scale that the
epigenetic activation of LTR-containing retroelemigmsertions can lead to the alteration
of host gene expression via the use of the inses alternative promoters. This leads
to interesting, and still largely open, questioagarding the origin and evolution of such
LTR-containing retroelement-derived promotersthia case of thagoutilocus in
mouse, ectopic transcription driven by the IAP itisa is deleterious to the mouse
[157]. Given the intricate control of gene expressone would expect that such ectopic
expression would generally be deleterious. Moailditherefore likely be selected

against and those that can still be observed reptéise few that were adaptive. Indeed,
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the cell-type specific usage and epigenetic maatific of the ERV and other LTR
retroelement-derived promoters characterized byaHaidl. is suggestive of their

adaptive nature and potential functional utility.

Actively modified ERVs and human gene enhancers

DNasel hypersensitive sites are regions of the menthat are unusually ‘open’ in terms
of their chromatin environment and thus susceptibl@egradation by DNasel. Such
sites are often important for gene regulatiey, active promoters and enhancers. It was
previously shown that a large number of DNasel-hggesitive sites are derived from
ERVs and other LTR-containing retroelement insedim the human genome [69],
suggesting that these insertions could play rolggene regulation apart from that of
promotersg.g.enhancers. Indeed, functional enhancers derived @ther families of
TEs are known, such as the AmMnSINE1 element deewd@ncers that help to drive
brain specific expression [23]. Active enhanceesepigenetically modified with
activating histone modifications [156, 161], andilelh TR-containing retroelement
insertions are typically epigenetically silence81], insertions acting as enhancers

would be expect to show the same activating histoodifications (Figure. 6.5).
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Figure 6.5. Epigenetic activation of a human ERV-déved enhancer. An ERV
insertion located distal to a host gene is suligeenhancer-characteristic activating
histone modifications, e.g. H3K27Ac (green circlegyhen activated, it acts as an
enhancer for the distal gene promoter, leadingatastription from the gene promoter.
Figure adopted from [162].
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In a recent study, Huda et al. used the epigenatitification patterns of
enhancers to predict TE-derived enhancers on angenade scale [162]. Using known
p300 binding sites as a training set, the authsesl ChIP-seq data from the ENCODE
project in the GM12878 and K562 cell types to serBélasel HS sites for histone
modifications similar to those of known enhancefdearly 20,000 such sites were
identified, several thousand of which were co-ledawith TE insertions. Of those, over
700 sites were derived from LTR insertions. Impotly, the presence of TE enhancers
correlated with the expression of nearby genesngly suggesting that the TE-derived
enhancers characterized were active and influegerd expression.

As in the study of TE-derived promoters by Hudalef160], the work on
enhancers demonstrated the active epigenetic roatidh of human LTR-containing

94



retroelement insertions [162], which is in contragh general the genome-wide
enrichment of repressive modifications on suchrinses [151]. Also as in the TE-
promoter study, the authors used only two cell $yfoe the analysis of TE-derived
enhancers. The large majority of enhancers chanaet, however, both those derived
from TE insertions and other, were detected in amlg of the two cell types. This is in
line with what others have observed regarding #gletgpe specificity of enhancers. For
instance, in the large scale analysis of ENCODBEP&dq data, Ernst et al. found that
while many promoters are active across a numbeelbtypes, the large majority of
putative enhancers were active in only one of #letgpes investigated [156]. This
opens the possibility that there are thousandsiofam enhancers derived from ERVs
and other LTR-containing retroelement insertionanynof which would remain
unidentified in a study of only two cell-types, amaderscores the potential impacting on

cell-type expression of thousands of human gerashiese ERV-enhancers may exert.

Conclusions and prospects

In this chapter, we reviewed some of the ways ilciWERYV effects on host gene
regulation are mediated by epigenetic and chronmatidifications. ERVs are of course
just one class of TEs, and TEs were originally aeced by Barbara McClintock by
virtue of the regulatory effects they exert on redibst genes [163]. In light of these
effects, McClintock referred to TEs as controllelgments, and she ultimately came to
believe that TEs could actually re-organize genomessponse to environmental
challenges [164]. For McClintock, this genome gamize process was related to the
genome dynamics of TEs per se, their ability to transpose and cause genomic

rearrangements. Here, we would like to pose tha tbat the TE-mediated
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environmental responsiveness of eukaryotic genanagsalso be attributed the
epigenetic and chromatin based regulatory efféxetsthey exert on host genes. This
notion is based in part on observations that egitjeshanges can in fact occur in
response to environmental stimuli [165]. In theecaf ERVS, environmentally
programmed ERV-mediated chromatin based regulatoapges have been observed for
the agouti locus where environmental exposure tihhpheonors leads to increased
repression of the upstream IAP thereby mitigathregrhutation ectopic expression
phenotype [166]. Given the abundance of ERVsy thiglespread genomic distribution
and proximity to genes along with their propensitype epigenetically modified, these
elements may provide a means for host genomes timthaynamic epigenetically

programmed responses to environmental challenges.
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CHAPTER 7
CELL TYPE-SPECIFIC TRANSCRIPTION TERMINATION BY

TRANSPOSABLE ELEMENT SEQUENCES

Abstract

Background

Transposable elements (TEs) encode sequences agciEsgheir own transposition,
including signals required for the termination r@tscription. TE sequences within the
introns of human genes show an antisense orienthias, which has been proposed to
reflect selection against TE sequences in the samsatation owing to their ability to
terminate the transcription of host gene transseripthile there is evidence in support of
this model for some elements, the extent to whieEhks&quences actually terminate
transcription of human gene across the genome nsnaai open question.

Results

Using high-through sequencing data, we have cheniaet over 9,000 distinct TE-
derived sequences that provide transcription temtion sites for 5,747 human genes
across eight different cell types. Rarefactiorveuanalysis suggests that there may be
twice as many TE-derived termination sites (TE-T@&)ome-wide among all human
cell types. The local chromatin environment faxgé TE-TTS is similar to that seen for
3’ UTR annotated (canonical) TTS and distinct fribra chromatin environment of other
intragenic TE sequences. However, those TE-TT&éacwithin the introns of human
genes were found to be far more cell type-spettian the canonical TTS. TE-TTS were

much more likely to be found in the sense orieatathan other intragenic TE sequences
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of the same TE family, and TE-TTS in the sensentaigon terminate transcription more
efficiently than those found in the antisense dagan. Alu sequences were found to
provide a large number of relatively weak TTS, velaearLTR elements provided a
smaller number of much stronger TTS.

Conclusions

TE sequences provide numerous termination sitesittan genes, and TE-derived TTS
are particularly cell type-specific. Thus, TE sences provide a powerful mechanism
for the diversification of transcriptional profilegtween cell types and among
evolutionary lineages, since most TE-TTS are evahatrily young. The extent of
transcription termination by TEs seen here, aloitg the preference for sense oriented
TE insertions to provide TTS, provide an explanafimr the observed antisense

orientation bias of human TEs.

Background

Different kinds of somatic cells in within an indiwal human contain the same genome,
but are obviously functionally distinct. Thus, ttel type-specific regulation of the
genome, rather than the genome itself, defineshheacteristics of a cell type. The
importance of cell type-specific activity of proreas in the function of different cell
types has long been appreciated; however, theofaell type-specific termination of
transcription has not been as well studied. Néedss, cell type-specific variation in
transcription termination, primarily via 3'UTR shening, has been shown to be
important in cancer and in other proliferating €¢89, 41, 167]. For this study, we

explored the idea that transposable element (Td)esees, many of which can terminate
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transcription, may play important roles in the t¢glle-specific termination of
transcription.

There are numerous transposable element (TE) deseguences in the human
genome, comprising more than two-thirds of thel tegéguence [1] and many of these
TEs are located within the introns of human genESs contain their own regulatory
sequences, including specific signals which leaithéatermination of transcripts initiated
from element promoters; human endogenous retrogieahents (HERVS), for example,
have polyadenylation signals in their long termirggdeat (LTR) regions that terminate
transcription [168]. Thus, numerous TE sequenceaténl within, or nearby, human gene
sequences may contribute substantially to the textiain of gene transcription via the
provisioning of termination signals.

There are several known examples whereby TE seqadocated within, or
nearby, human genes have been shown to termiaatectiption of genic mMRNAs. An
early study of HERVs provided the first direct eamte that TE-derived sequences can
terminate the transcription of non-TE human mRNA4 further suggested that different
subfamilies of these elements may serve to termitmanscription in a cell type-specific
manner [20]. Later, the same family of ERVs wasidestrated to terminate
transcription of a novel alternatively spliced versof the human NAAA gene [169].
There is also experimental evidence showing tha INIE) retrotransposon sequences
can terminate the transcription of human genesjratids same study the intronic
content of L1 sequences in human genes was foube tegatively correlated with their

expression levels [14]. A later study showed alamtrend whereby the presence of
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polymorphic L1 insertions in human genes was cateel with a decrease in their
expression in a tissue-specific manner [170].

Despite the evidence cited above indicating tlas&quences can terminate
transcription of human genes in a cell type-specifanner in some cases, the extent of
this phenomenon and its overall effect on the hugearome sequence and cell type-
specific transcriptomes have not been fully exgorinterestingly, there is a strong
antisense orientation bias for TE sequences withiman genes [167, 171], and this
observation has been attributed to the propensitfEs to terminate transcription when
inserted in the same (sense) orientation as gansdription [70]. Presumably, many
such sense-oriented insertions would be select®idstgowing to their termination of
human gene transcripts, leaving a relative bisentiense TE insertions. Consistent
with this implied genome-wide effect of TE sequenoa the termination of human gene
transcripts, a pair of recent genome-scale surgeysnscription termination by TEs
revealed ~3,000 cases of human transcripts thatriate with TEs [172, 173]. These
studies, while intriguing, relied on relatively IdtWwoughput transcriptomic technologies
and were not able to address cell type-specifaifJE transcription termination. Thus,
the full extent of TE transcription termination kit the human genome, and equally as
important the cell type-specificity of this phename, remains unknown.

Here, we deeply interrogated the contribution ofsE§uences to human gene
transcription termination via the integrated anialys high-throughput transcriptomic
data and TE-gene annotations. Since TE sequeagedideen shown to contribute
disproportionately to cell type-specific regulatid®0], we also evaluated the extent to

which that transcription termination of human gebg§ Es is cell type-specific. To do
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this, we have characterized the space of trangmmipermination sites (TTS) derived
from TE insertions in eight different ENCODE celpes. For these TE-TTS, we
characterized the contributions from different Hinilies, as well as their relative
insertion orientations. We four®j287 TE-derived sequences that terminate the
transcription of 5,747 human genes. Our resusts show that TEs terminate transcript
much more efficiently when inserted in the sensentation relative to gene transcription
and thus lend credence to the previously articdlatgion that TE orientation biases
result from selection against TE termination of @é&manscription. We also show that TE
termination of gene transcription is highly celpéyspecific and thus may contribute to

the specialization of cellular function throughfdiential gene regulation.

Methods

Characterization of transcription termination sites (TTS)

Mappings of ENCODE PET data from the GM12878, HIBE$lepG2,
HelLaS3, HUVEC, K562, NHEK and prostate cell typesevdownloaded from the
ENCODE repository on the UCSC genome browser fehil8 version of the human
genome [28, 80]. PET data from nucleus (GM128%)®R, HeLaS3, HUVEC, K562
and NHEK) or whole-cell (HLIHESC and prostate) wesed to characterize TTS. PET
3’-ends from the same data set that overlappeceoe separated by 20 or fewer bases
were taken as putative TTS clusters. Only thos8 @llisters that had a normalized PET
tag count of at least 20 per ten million tags majppeat least one cell type were
considered for further analysis. For these clgstée specific locations of the TTS for

each cluster were taken to be the base with theebtglensity of mapped PET 3-ends.
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TTS clusters across different cell types that amed by at least 80% were taken to be
the same TTS.

UCSC gene model annotations [174] were used taedsol TS defined in this
way with known human genes. A TTS was considevdzetassociated with a gene if the
linked 5’ ends of the PET tags were mapped to tim®tated promoter of the gene and
the linked 3’ end TTS cluster was found within #reotated transcriptional united or up
to 5kb downstream of the canonical annotated THIBman gene TTS characterized in
this way were then co-located with TE sequencasgusie RepeatMasker annotations
[60]. As it has been previously shown that traipgiom termination occurs within 50bp
of the polyadenylation signal [175], TE-TTS werdided as those TTS clusters for
which the peak base was at least 50bp downstreamtfre start of a TE insertion and

less than 15bp downstream of the end of the imserti

Histone modification enrichment analysis

The chromatin environment of PET-characterized WBS characterized using
ENCODE ChiIP-seq data [156]. Where available fergame cell types as the PET data,
ChlIP-seq reads for the H3K9Ac, H3K27Me3 and H3K3B8Mwdifications were
downloaded from the ENCODE repository on the UC8@ogne browser [28, 29] were
mapped to the human genome reference sequence (BEIBCNCBI build 36.1) using
the Bowtie short read alignment utility [110]. Baghich mapped to multiple locations
were resolved using the GibbsAM utility [134]. Taeerage numbers of ChlP-seq tags
were found in 5 base-pair windows +/- 5kb of (1)-dé&ived TTS (2) intragenic TE

insertions that do not provide a TTS and (3) nond€Bved TTS.
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Utilization of PET-characterized TTS

TTS for which the region including the TTS had amalized PET tag count of at
least 20 were designated transcribed. From edttype, those regions which were in
the top 75% most transcribed, as calculated usiigtRg counts, in that cell type were
designated as actively transcribed. For both TEE-@md non TE-TTS, the utilization of
actively transcribed TTS in a cell type was detewdiby first determining the number of
PET tags which begin upstream of the TTS, and wtaaiinate in the TTS or

downstream of the TTS. The utilization was thelewated using the following formula:

Cell type-specificity of TE-derived TTS

A TTS was considered for differential utilizatidrthe TTS (1) had a strength of
utilization of at least 20% in at least one cefigyand the region was (2) actively
transcribed (as described above) in at least 3ygads. The cell type specificity of a

given TE-TTS was calculated using the followingnfioita:

1"# $%&

" )

Estimation of the total number of TE-TTS and genesvith TE-TTS

To estimate the upper bound for the number of Tigsdd TTS in the human
genome, we found, for all possible combinationghef eight cell types used here, the
number of TE-derived TTS found with each combinatidA logarithmic trend line was

used to estimate the number of TE-derived TTS waild be found with increasing
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numbers of cell types. The same analysis was eptir the total number of human

genes that bear at least one TE-TTS.
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Results and Discussion

Characterization of transposable element-derived t@nination sites

We characterized TE sequences that provide trgseritermination sites (TE-
TTS) to human genes using Paired-end diTag (PE&) daET is a technique for the
high-throughput characterization of the 5’ and e of mature full-length mRNAs [80],
which allows for deep annotation of paired transern start (TSS) and termination sites
(TTS) including the discovery of many novel altdivasites. TE-TTS were
characterized by co-locating TE sequences withEX Rag clusters that are paired with
5’ PET tag clusters mapped to known human gene qiens) (see Methods, Table C.1).
Using PET data from eight different ENCODE celleéggGM12878, HIHESC, HelLaS3,
HepG2, HUVEC, K562, NHEK and Prostate) [28, 29 ¢ dvscovered 9,287 distinct TE-
TTS that terminate the transcription of human gerf®ST data from these cells revealed
a total of 89,345 non TE-derived TTS, including@aical previously annotated TTS.
Overall, 9.4% of human gene TTS are provided byd€Eved sequences, and 28% of
human gene loci have at least one TE-TTS.

The breakdown of TSS contributed by different Teifees and the locations of
these TE-TTS within human gene loci are shown iblg&.1. While many TE-TTS
correspond to the 3'UTRs and canonical TTS of hugemes (21%), the majority of TE-
TTS represents alternative TTS found within gengnllaries (70%) and yield creating
truncated transcripts. A small minority of thetlermate TE-TTS (8%) is found within
upstream of coding sequences, representing mestegese severely truncated or
aborted albeit in a site-specific and reproducibnner. TE-sequences also provide
TTS downstream of the canonical TTS of human géBf#g providing longer alternative

transcripts. Overall, 87% of the total TE-TTS looas correspond to alternative TTS
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compared to 81% for non TE-TTS, indicating thatSEfuences are utilized as

alternative terminators at a slightly higher fregeyethan non TE-sequences.

Table 7.1. Locations of human gene transcriptionermination sites (TTS)
characterized using PET data.

TE Family®
TTS
Location®
Non TE Al TE Alu ERV | hAT L1 L2 MaLR MIR [TcMar

5'UTR 3,677 704 351 52 34 114 57 17 5% 22
Internal 46,716 5,404 2,975 162 334 844 3717 110 3B1 15
3'UTR 15,491 733 267 25 69 120 64 29 102 44
Canonicaf 16,031 1,152 293 109 102 231 124 67 151 59
Downstreand 2,806 673 224 70 51 142 49 45 54 33
Sum 84,721 8,666 4,110 418 590 1,451 669 268 743 31

@The locations of TTS characterized using PET ttata eight ENCODE cell types
were characterized relative to known human geneetsod

P TTS genic locations are shown for non TE-TTS andte top eight TTS contributing
TE families.

©TTS located within 250bp of canonical TTS

4TTS located up to 5kb downstream of previouslyorécal TTS

Several examples of human genes with TE-TTS are #héigure 7.1.
Transcription initiated from the GALNT2 promotemcierminate within an ERVL
insertion in the first intron of the locus or indwanonical TTS in the 3' UTR (Figure
7.1a). TE-derived termination of GALNTZ2 occursaicell type-specific manor; most
GALNT2 transcripts (78%) utilize the ERVL-derived $ in the GM12878 cell type,
whereas virtually all GALNT2 transcripts read thghuhe ERVL insertion in the NHEK

cell type and instead utilize the two canonical TTidie transcript resulting from
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utilization of the ERVL-derived TTS is severelynaated and therefore highly unlikely
to produce a functional protein. Thus, while e is transcribed at high levels in both
cell types, the ERVL-derived terminator servesfteatively reduce GALNT2

expression in GM12878 compared to NHEK. SimilaBHX2 transcription can
terminate within an AluJb insertion in the sixthran, resulting in a truncated transcript
(Figure 7.1b). This termination is also cell tygggecific, with the majority of transcripts
(66%) utilizing the AluJb-derived TTS in the K56&lictype and a minority (24%)

GM12878.
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Figure 7.1. TE insertions terminate transcriptionin a cell type-specific manor.
Clusters of linked paired-end ditag (PET) sequetitasindicate the locations of the 5’
(green) and 3’ (red) ends of full-length trans@ipkpressed in different cell-types are
shown above gene models indicating the locatiorexohs, introns and TEs that
terminate transcription. For each example, thetgpe specific fractions of TTS usage
for TE-TTS and non TE-TTS are showfa) An ERVL insertion within the first intron of
the GALNT2 gene terminates the majority of transtsrin the GM12878 cell type, with
a small number terminating in the two canonical TT® transcripts terminate within
the ERVL in the NHEK cell type. (b) An AluJb ingen within the seventh intron of the
EPHX2 gene terminates the majority of transcriptshe K562 cell type, while the
majority of transcripts read through this sequanabe GM12878 cell type. (c)
Termination of transcription within a FLAM_C insiem in the 3'UTR of the BSDC1
gene results in a shortened 3'UTR. The FLAM_Cags=tiTTS is utilized extensively in
the K562 cell type while the majority of transcapead through this sequence in the
NHEK cell type.
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Though many alternative TE-derived TTS occur witiimintron of a coding
locus as seen for GALNT2 and EPHX2, a substamntaktibn (8.5%) occurs within a
3'UTR. For example, a TTS derived from a FLAM_C 3&guence in the BSDC1 gene
is found at an alternative upstream position in3heTR (Figure 7.1c). The canonical
BSDC1 TTS is found several kb downstream of theTTES- and results in an unusually
long (3.2 kb) 3'UTR. Transcripts with these kirmfdong 3'UTRs are more likely to be
degraded via nonsense-mediated decay [176, 17dtharannotated 3'UTR of BSDC1
also contains 10 miRNA binding sites which couldused to degrade the mRNA or
reduce its translation. Thus, utilization of tHeAM_C-derived TTS, which would
generate a transcript with a full-length ORF bdrastically shortened 3'UTR (~300 bp)
lacking miRNA binding sites, could effectively imase expression of BSDC1 by
evading post-transcriptional degradation via nossenediated decay and/or miRNA
binding. As is the case for the GALNT2 and EPHXes, the utilization of this TE-
TTS is cell type-specific, with the majority of trscripts in K562 utilizing the FLAM_C
derived TTS and the majority reading through theTllES in NHEK cells (Figure 7.1c).
The contribution of TE sequences to alternativedcaption termination is further
explored later in the manuscript.

In an effort to further characterize the TE-TTScdigered here, we used
ENCODE ChIP-seq data for the locations of histomelifications [28, 29, 150] to
evaluate their local chromatin environment. Wenfibthat the histone modification
signatures of TE-TTS are generally similar to thokeon TE-TTS and distinct from
intragenic TE insertions that do not provide a T8fferent histone modifications

showed distinct patterns of enrichment near TT8,va@ show representative examples
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of TTS histone modification signatures for an agtiranscriptional mark (H3K9Ac), a
mark of transcriptional elongation and gene bouiedgiH3K36Me) and a repressive
mark (H3K27Me3) in the K562 cell type. H3K9Ac shoa marked peak of enrichment
upstream of both TE-TTS and non TE-TTS and thenethes fall off precipitously after
the TSS (Figure 7.2a-c). H3K27Me3 shows a sligbtaase downstream of the TTS for
non TE-TTS, however the enrichment level was gdiyerary low (~.1 tags per million
mapped). This downstream increase in H3K27Me3nweaseen for the TE-TTS (Figure
7.2d-f), though this could be due to the compaedyilow number of TE-TTS compared
to non TE-TTS together with the relatively low nusnlof H3K27Me3 marks seen within
actively transcribed genes. The H3K36Me3 modiftcashows a more symmetrical
distribution around TTS with peaks for both TE-Tai®&l non TE-TTS compared to
intragenic TEs that do not show TSS related peakgie 7.2g-i). Qualitatively similar
results were seen in the GM12878 and NHEK cellgyfpégures C.1-C.2). Overall, the
similar local chromatin environments seen for TESTAnd non TE-TTS suggest that the

TE-TTS characterized represdmana fideterminators as opposed to transcriptional noise.
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Figure 7.2. The chromatin environment of TE-TTS issimilar to that of non-TE-TTS
and distinct from intragenic TE sequences that do ot terminate transcription. The
locations of TTS and the ChIP-seq tag counts cpomding to H3K9Ac (a-c),
H3K27Me3 (d-f) and H3K36Me3 (g-i) are shown for t&62 cell type. Enrichment
curves, showing the average normalized number$t?-Geq tags in 10 base-pair
windows +/-5kb of TE-TTS (orange), non TE-TTS (grapd intragenic TE sequences
that do not show a TTS (red), are shown for thriedamilies, Alu (a,d,g), ERV (b,e,h)
and L1 (,c,f,i).
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TE transcriptional termination and insertion orient ation bias

The vast majority of TE sequences within human geare found in the antisense
orientation relative to the direction of transcigpt of the gene [171]. The genic
orientation bias of human TEs is thought to refldiéterential selective elimination of
sense TE insertions over time rather than a prederén the introduction of antisense
insertions at the moment of transposition. Théditgbof TEs to cause premature
termination of gene transcripts, thereby reduciegels of transcription, has been
proposed as a mechanism to explain the selectiveination of sense oriented L1
sequences from human gene loci [14]. In ordentestigate the role of TE-TTS in the
selection against sense oriented TE insertionsrgenwide, we compared the insertion
orientations of intragenic TEs that do not providkS versus the orientations of TE-TTS
for the eight largest families of human TEs (AIR\E hAT, L1, L2, MaLR, MIR, and
TcMar).

Seven out of eight TE families show the expectadanse orientation bias for
intragenic TE insertions for which there is no evide of TTS activity (Figure 7.3). In
other words, since these antisense TE insertiomotterminate transcription, their
presence within human genes is tolerated by seleciThe LTR element families, the
ERVs and MaLRs, show the strongest antisense atientbias with intragenic
insertions being found in the antisense orientatidoe as often as the sense orientation.
Conversely, Alu insertions show a much weaker antis orientation bias. The
relatively stronger bias seen for LTR element itises suggests the possibility that there

is stronger selection against sense LTR insertémisthat such sense LTR element
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insertions may be more deleterious. This poieijslored in more detail later in the

manuscript.

Figure 7.3. TE sequences providing transcriptiondrmination sites show a strong
sense bias.For each TE family, the sense/anti-sense ratiodeésrmined for all

intragenic insertion (red) and only for those TEattprovide a TE-TTS (blue). For each
TE family, statistical significance levels for tbéferences in the sense/anti-sense rations
(* indicates P<.005) was determined using a Chiaseq distribution wittdf=1.

For those genic TE sequences that provide a TiEShgjority of TE families
show a significant enrichment of insertions in $k@se orientation versus the other
insertions. Alus have one of the weaker antisengatation biases for genic elements,
but Alu-derived TTS show far and away the strongesise bias; an Alu insertion
providing a TTS is approximately 20x more likelylde in the sense orientation than the
antisense orientation. While LTR element genieitisns show the strongest overall
antisense bias, insertions providing a TTS are mksch more likely to be in the sense

orientation; an LTR element providing a TTS is 4armlikely to be found in the sense
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orientation than the average genic LTR elementiimse The strong sense orientation
enrichment seen for TE-TTS indicates that genic ditented in the same direction as
transcription are much more effective transcriptemrminators, consistent with the notion
that sense oriented TE insertions are selectedhstgaving to their disruptive effects on
gene expression.

The only exception to this pattern is seen forrgiatively ancient family of MIR
TEs. MIRs have previously been implicated as mliong gene regulatory sequences in a
number of studies, and the MIR sequences that reimtgict and recognizable in the
human genome are likely to have been conservedtifying selection [162]. Thus, the
lack of orientation bias for MIRs, irrespectivetbéir status as TTS, may reflect their
general utility as gene regulators, rather thap@remeral presence as neutral sequences

that will be eventually lost by mutational decay.

Contributions of Alus to transcriptional terminatio n

Given the diversity of TE insertions found in-amdand human genes, we sought
to characterize the relative TE-TTS contributiohthe eight largest families of human
TEs (Alu, ERV, hAT, L1, L2, MaLR, MIR, and TcMar)To do this, we compared the
observed numbers of TE-TTS for the different faesilto the expected numbers based on
their genic frequencies (Figure 7.4). While L1stcibbute the most TE sequence
genome-wide, Alus are the most abundant genic Wyg31% of all genic TE
insertions) (RepeatMasker). Thus, Alu insertiomaidd be expected to provide a large
number of TE-derived TTS. However, previous stsdiiave characterized ~400 Alu
insertions providing TTS, a substantially smallert expected fraction [172, 173]. In

contrast to these findings, we found that Alu-TT&e&vmore abundant than TTS derived
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from other TE families, providing 43% percent (4.55f all TE-TTS, far more than
would be expected based on the frequency of Alicgasertions. Other TE families
generally contributed fewer TTS than expected basettheir genic frequencies, with
MIR-derived TTS being far less common than exped&RlV was the only other TE

family to provide significantly more TTS than expea:

Figure 7.4. Alu family sequences provide a greatéhan expected number of TTS.
Expected (red) versus observed (blue) counts of da@rfved from different TE families.
Expected counts of TTS derived from each TE fanwye calculated based on the
fraction of intragenic sequences. For each TElfarsiatistical significance levels for
the differences between the expected versus olzseotmts (* indicates P<T)were
determined using a Chi-squared distribution wdithl.

The over-abundance of Alu-TTS could be attributetheir functional utility as
expression regulators, or it could simply refldwt fact that Alu-TTS are not as
disruptive and therefore more tolerated by selactiGonsistent with the latter neutral
scenatrio, the over-abundance of Alu-TTS may retleeir relatively young age,

suggesting that there has not been adequate tmtleefio removal from the genome. To
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evaluate these possibilities, we evaluated the darributions of Alu subfamilies of
different ages (FLAM, AluJ, AluS and AluY). Reladly older Alu subfamilies (FLAM
& Aluld) contribute more TTS than expected, whetbasyounger subfamilies (AluS &
AluY) contribute fewer than expected (Figure 7.58%r instance, even though FLAM
elements are found in less than half the geniaufeaqy of AluY insertions, they
contribute more TTS to human genes. These obsemgadrgue against the neutral
explanation for the abundance of Alu-TTS. To explihis further, we evaluated the
strength of utilization for TTS derived from thdfdrent Alu subfamilies. The strength
of utilization for any TTS is measured as the reé&afrequency with which it terminates
transcription versus the frequency that it is ridugh (see Methods). Consistent with
what is seen for the relative levels of TTS dormaby the different Alu subfamilies,
older families show higher levels of TTS utilizatithan do younger families (Figure
7.5b), suggesting the possibility that many of éh8kI-TTS are preserved via selection

by virtue of their functional utility for the hogene.
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In light of the exceptional ability of Alus to prole TTS to human genes, we
explored the specific sequence context by whickdlgements terminate transcription.
To do this, we mapped the locations of Alu-deriV@d to their positions in the Alu
subfamily consensus sequences [60]. Previouslgnvehfew hundred Alu-TTS were
considered as an ensemble, they were found toriatenhuman gene transcription non-
randomly at two specific locations along their ssage [172, 173]. For this study, by
considering thousands of Alu-TTS among individull Bubfamilies of different relative
ages, we were able to tease apart this apparantlydal pattern of termination and
discern its origins. The modern Alu element isSraatic sequence composed of two
related precursor sequences: a Free Left Alu Mom¢RieAM) and Free Right Alu
Monomer (FRAM) [9, 10]. These sequences themsealessended from the Fossil Alu
Monomer (FAM), which in turn descended from a 7SUAR[10]. Elements from all
three families of Alu precursors terminate traroon at single site near their 3’-end
(Figure 7.5c). However, when the FLAM and FRAM roorers are considered with
respect to their homologous locations in the dedeenAlu dimer sequences, these
individual termination sites yield a pair a corresgding termination sites; one internal
termination site corresponding to the FLAM 3’ sated a 3’ termination site
corresponding to the FRAM 3’site. In modern Altie 3’ termination site predominates
over the internal site and the use of the intesitalmarkedly decreases among younger
element sequences (Figure 7.5¢c). The attenuatitireistrength of this TTS donating
site from the internal region of the element mdient the need of the elements
themselves to produce full-length transcripts iteorto be transposed. In this case,

selection against the internal TTS site would binatievel of the element as opposed to
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at the level of the host. Thus, the steady migrativer time of the Alu-TTS donating
site to the 3’ end of the element reflects a compnamic between inter-element

selection and the effects that the elements c&urimexert on their host genome.

Relative levels of utilization for TE-derived TTS

The eight human TE families evaluated here haverdevevolutionary origins,
methods of transposition and sequence compositéiven these differences, it would be
reasonable to expect that TTS derived from theeifit TE families would behave
differently. To assess whether this is the cagecompared the strength of utilization
(see Methods) for TTS derived from members of tifferént TE families along with the
utilization levels seen for non TE-TTS. Individda'S derived from Alu insertions,
while being by far the most abundant TE-derived T he genome (Table 7.1 and
Figure 7.4) are utilized far less frequently thd®TTS derived from other families or
non TE-TTS (Figure 7.6). This finding is in accande with the weak transcription
termination previously seen for Alus [178]. On tigposite extreme, TTS derived from
sense LTR element insertions, including both th& BRd MaLR families, are utilized
significantly more frequently than TTS from any et E family or alternative non TE-
TTS. Indeed, 25% of TTS derived from LTR elemasertions have a maximum
utilization of over 90% in at least one of the EN@Bcell types. The only group of TTS
which shows higher maximum utilization is the grafgpreviously annotated canonical
non TE-TTS. The large differences in the relastrengths of Alu and LTR element-
derived TTS may explain the differences seen fah@orientation biases between these
families (Figure 3). The idea being that Alu irigers provide weaker TTS, and thus

may more tolerated in the sense orientation, WER& and MaLR insertions provide
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strong TTS and thus sense oriented LTRs are syy@afcted against. Overall, the Alu,
ERV and MaLR TE families all exert substantial effeon the expression of human
genes via the termination of transcription, butte so using distinct genome-wide
metastrategies. The Alu family, by providing maalatively weak TTS, can affect a
large number of genes albeit in a subtle way oare¢by-gene basis, whereas LTR

elements have much larger effects on the expressiefs of a smaller number of genes.
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Figure 7.6. LTR-TTS are more strongly utilized than TE-TTS provided by other
families. Distributions of maximum utilization values (ddethods) are shown for TE-
TTS from different families along with alternatiygreen) and canonical annotated
(yellow) TTS. TE-TTS maximum utilization valuessahown separately for sense (red)
and antisense (blue) insertions. Statistical icamice levels for the differences between
the maximum utilization insertion orientations &ach TE family (* indicates P<.005)
were determined using a Wilcoxon rank-sum test.

The L1 family is curious, being the only TE famityshow a strong antisense
bias for those insertions providing a TTS (Figur®),7yet at the same time showing no
difference in TTS strength of utilization betwe@amse and antisense insertions (Figure
7.6). Haret al. showed that L1 insertions are capable of ternmigatianscription in
either the sense or antisense orientation, witkrs¢polyadenylation signals occurring in
the antisense orientation [14]. The same studysiswed that sense L1 insertions can
cause transcriptional disruption when in the semgntation, independent of
polyadenylation. As the PET technique requirestifaascripts be polyadenylated, the
data used here cannot take into account non-pahydated transcriptional disruption by

L1s. Therefore, the anomalous L1 patterns obsemeeel with respect to both TTS
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orientation bias and strength of utilization mafjee the relative usage of
polyadenylation in L1-TTS from the different strand

In light the results on the orientation bias of TES (Figure 7.3), we also
compared the strength of utilization for TE-TTSHidun sense versus antisense
orientations relative to the direction of transtidp. Five out of eight of the TE families
(Alu, ERV, L2, MaLR and MIR) showed a significarffdrence P< 0.01, Wilcoxon
rank-sum test) in TTS strength of utilization degheg on the orientation of the insertion.
In all five of these families, TTS derived from serinsertions are more likely to be
utilized than those derived from antisense insestig-igure 7.6). These results are
consistent with the findings from the overall TEeotation bias in human genes
suggesting that selection acts to remove TE-deti@eadinators that disrupt gene

expression.

Cell type-specific regulatory potential of TE-TTS

Several features of TE-TTS already described mibport raise the possibility
that TE-TTS can provide for cell type-specific rigion of gene expression. For
example, the individual cases seen in Figure 2arbt demonstrate cell type-specific
termination of transcription by TEs. TEs also pdevrelatively more alternative TTS
than non TE-TTS. Finally, individual TE-TTS areliged less frequently than canonical
known TTS from annotated gene models. In ordéuribier investigate the potential
genome-wide role of TE-TTS in the cell type-speciérmination of transcription, we
calculated cell type-specificity levels of all TT&@ind in genes that are actively
transcribed in at least three cell types. Thetgpk-specificity metric we use measures

the extent to which TTS are utilized at differemtdls across different cell types (see
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Methods). TE-TTS show far greater levels of ogletspecificity in the termination of
transcription than seen for canonical TTS (Figui&y. In addition, TE-TTS differ in
their cell type-specific utilization based on thieications within human genes. Internal
TE-TTS, which yield transcripts with truncated OR&Isow significantly more cell type-
specific utilization than TE-TTS located in 3 UTRsdownstream of canonical TTS.
The relatively highly cell type-specific utilizatioof internal TE-TTS suggests that they
provide a mechanism for dynamic post-transcriptioegulation of human genes via the
production of truncated transcripts. TE-TTS witBihTRs and downstream of
canonical TTS are also generally more cell typessipehan canonical TTS, though to a
lesser extent, and these TTS may be functionaladyzing longer or shorter 3UTRs.
As discussed previously, variation in 3' UTR lengtiovides for yet another level of

post-transcriptional regulation [39, 177].
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Figure 7.7 TE-TTS terminate transcription in a celltype-specific manor. (a) Cell
type-specificity value distributions are shown gepaly for TE-TTS (red) located within
introns, 3’ UTRs and downstream of annotated TT8II-type specificity values are also
shown for canonical annotated TTS (yellow). (bydRaction curves showing the
average numbers (+/- sad) of TE-TTS (dark blue)germes with at least one TE-TSS
(light blue) detected when all possible combinatioh1-8 cell types are used. Observed
curves are fitted with a logarithmic trend line.
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The apparent cell type-specificity of many TE-TTUggests the possibility that
the TE-TTS discovered in this study via the analgdieight ENCODE cell types
represent only a fraction of the total complemdnke-TTS that exist in the human
genome. To address this possibility, we computetefaction curve for TE-TTS by
calculating the number of unique TE-TTS found ustigpossible combinations of 1-8 of
the cell types analyzed here (Figure 7.7b). Wa thehis rarefaction curve with a
logarithmic trend line (y=31.34Inx+33.6650.99) to evaluate the extent to which the
percent of detected TE-TTS is expected to changeingreasing numbers of cell types.
Based on the observed trend, we estimated thatidgube number of cell types
included in a study of this kind would result inlpa 20% increase in the number of TE-
TTS found, suggesting a substantially diminishiaig rof returns, with respect with
respect to the discovery of novel TE-TTS, as metktgpes are added. Similarly, the
number of genes found to contain a TE-TTS levefédomore cell types were included.
Nevertheless, taking 210 as the total number ofdmucell types indicates that the TE-
TTS discovered here represent half of the totallmemof human gene TE-TTS. Thus,

TEs may provide close to 20,000 TE-TTS for ~11,80fhan genes.

Conclusions

Transcription termination as the origin of TE antisense orientation bias

It has been appreciated for some time that TE sesewithin the introns of
human genes show a strong antisense orientatisj18a]. It was proposed that this
bias is due to the propensity of the TE sequerésminate transcription of host genes
when inserted in the sense orientation, resultingeiection against such sense oriented

insertions [70]. Nevertheless, studies to datéherability of TEs to terminate
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transcription have not revealed evidence in suppiditis hypothesis [172, 173]. Here,
for the first time, we provide genome-scale evigeimcsupport of the notion that the
antisense orientation bias of TEs can be attribtdgebeir ability to preferentially
terminate host gene transcription when insertetiersense orientation. We have shown
that TE sequences which provide a TTS are sigmifiganore likely to be found in the
sense orientation than other intragenic TE sequeftégure 7.3), and that TE-TTS in the
sense orientation terminate transcription much reffieiently than those found in the
antisense orientation (Figure 7.6).

Among the eight TE families studied here, the ARV and MaLR families are
distinct from the other 5 families. TTS from dext/from Alu sequences are generally
weakly utilized compared to other TE families, vetdit the same time having a weak
antisense orientation bias. The weaker orientdiias of Alu sequences suggests that
there is weaker selection against Alu sequencestetsin sense. We suggest that this
weaker selection is due to the generally weakzatiion of Alu-TTS. Conversely, LTR
elements, the ERV and MaLR families, show a veryrgf antisense bias and a strong
utilization; such strong utilization may account fbe strong antisense orientation of

LTR elements.

Cell type and lineage-specific termination of transription by TEs

Evidence reported here points to the contributiohsequences to the cell type-
specific termination of transcription; we have sihaWwat internal TTS derived from TE
sequences are significantly more cell type-spectimpared to canonical TTS (Figure
7a). In this way, TE sequences have contributédtantially to the generation of cell-

type specific patterns of human gene expressiotheg@re-mature termination of
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transcription. In addition to providing for ceyite-specific termination of transcription,
data reported here indicate that TE sequencedsardikely to have contributed
substantially to evolutionary lineage-specific sarption termination. Numerous TE
insertions can be generated in a short evolutiotiary, and accordingly the majority of
human TE subfamilies are lineage-specific speflidd]. This means that the regulatory
effects that these TEs exert on their host genomelsiding termination of transcription
as shown here, will also be lineage-specific armbawt for regulatory differences
between evolutionary lineages.

The Alu family, for example, is a relatively youfagmily of TEs, which is
confined to the primate evolutionary lineage. Rhe family has been active throughout
primate evolution [1], and has likely been alterprgnate gene expression via TTS
donation since the origin of the primate lineage¢can be seen from the results on the
more ancient Alu antecedents from the FAM-relatdafamilies (Figure 7.5). This
process appears to have accelerated, leading monevee species-specific differences in
transcription termination, with the amplificatiohtbe more modern Alu dimers (Figure

5).

Transcription termination via TE sequences as a comon phenomenon

The abundance of TE insertions across eukaryo@aties suggests that the effect
of TE insertions on gene expression via the tertiunaof transcription is not limited to
humans [7]. In this study, we characterized thvelwvement of eight evolutionary diverse
families of TEs in the termination of transcriptioMEs related to these eight families are
present in present in the genomes of many othaargates. For instance, while LTR

elements are functionally dead in humans [1], rpldtLTR element families are still
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highly active in and other speciesg.the Intracisternal A particle (IAP) family of
mouse. Indeed, it has been estimated that 10%utdtions in mouse are caused by the
novel retrotransposition of an LTR element. A®asequence of this, mice presumably
have to contend with a great deal of deletericaisstription termination via novel LTR
element insertions. However, these novel insestadeo provide the opportunity for

innovation in the regulation of gene expression.
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CHAPTER 8

CONCLUSIONS

Studies here to date

Through this dissertation, six studies regardiregdfiect of non-coding sequences, most
notably sequences derived from TE insertions, laogva. These studies revealed novel
sources of transcription variation in the humanagea derived from non-coding
sequences. The initial two studies deal with apson initiation by human TE
sequences; the first (Chapter 2) characterizedsdnuis of novel cis-NAT promoters
derived from TE sequences amskociated witthuman genes, while the second (Chapter
3) characterized endogenous retroviral sequencehwidmction as promoteffer human
genes. In the third study (Chapter 4), technidoesharacterizing transcription factor
binding sites derived from TE sequences using gaterated from the massively high-
throughput ChiP-seq technique were reviewed. $eaiimiques allow for the
characterization of lineage-specific transcriptiactor binding sites derived from TE
sequences. The fourth study (Chapter 5) charaetéthe chromatin environment of cis-
NAT promoters associated with human genes, and shiwat the cis-NAT promoters
bear activating histone modifications in accordanith their activity. Further it is

shown that high cis-NAT and gene promoter expressmoccurs far more often than
expected, suggesting some form of co-regulatiolso Axamining the local chromatin
environment of non-coding sequences, the fifthys(@hapter 6) reviewed ways in
which the epigenetic modification of TE sequencagethbeen shown to effect the
expression of nearby host genes. Finally, whesewgsral of the earlier studies focused
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on the promoter activity of non-coding sequendas sixth study (Chapter 7)
characterized the cell-type specific terminatiomoman gene transcription by TE
sequences.

In order to replicate and spread within the hostogee, TEs must first be
transcribed into mRNA. This means that they n&ed bwn promoters and TFBE&s.
the internal promoter of the L1 family [13]. It wiol not be surprising then, given the
number of TE sequences in the human genome, if seare TE sequences were able to
promote transcription of not just their own sequermut of neighboring host sequences
as well. In the first two studies shown here (Gba@, Chapter 3), we have characterized
such phenomena. Antisense transcription in the hugeaome has been appreciated for
some time, though the role of these antisensedriats, remains largely unknown [33,
34, 42]. In Chapter 2 we showed that a substainéietion of human antisense
transcription is initiated from TE-derived promaternndeed, we showed that the large
majority of human genes have some level of antséagscription initiated by a TE
sequence. In the second study, instances wheréeansrof the ERV family provided
promoters to human protein coding gene were cheniaetl; over 100 cases where an
ERV sequence could be shown to transcribe a hurmaa gere identified. In both of
these studies, the vast majority of the sequemsedvied can no longer transpose, but
they have nevertheless altered the human transor@via their promoter activity.

The ChIP-seq technique has revolutionized the nstaieding of DNA-protein
interactions, allowing for the genome-wide charae#tion of transcription factor
binding and histone modifications [27]. Where tti@dal Sanger sequencing produced

reads in excess of 700 base-padrg, for EST sequencing, ChiP-seq reads are often
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much shorter, due to (1) the technology used anpth@need for resolution in measuring
the DNA-protein interaction. However, a shortayusence greatly increases the number
of locations in a genome to which the sequencedcaap. Thus, given the highly
repetitive nature of the human genome, DNA-protei@ractions involving repeated
sequences are more difficult to characterize. H@mnesuch characterization is important
given that TE sequences can spread TFBS throughetieme [2, 24, 100]. The methods
presented in Chapter 4 allow for the characteopadf TFBS derived from TE
sequences. Such TFBS could alter the transcriptdrtiee host in a lineage-specific
manor. Similar techniques using data from difféieil types could also be used to
identify DNA-protein interactions involving TE seepces that appear in a cell type-
specific or condition-specific manor.

In chapter 5 the chromatin environment of cis-NA®moters as it relates the cis-
NAT promoter activity was investigated. The stynigsented in Chapter 2 and other
previous studies have identified many cis-NATsHoman genes [34, 42], however the
regulation of cis-NAT expression remained largetgxplored. Chapter 5 showed that
cis-NAT promoters in the human genome bear chrenmatdifications similar to those
seen on the promoters of human protein coding gameisthat cis-NAT promoter
activity is correlated with the level of activatihgstone modificationsg.g.H3K9Ac.
The presence of activating epigenetic marks oretbessNAT promoters strongly
suggests that the activity of these cis-NAT prom®ig regulated, and such regulation is
indicative of function. Indeed it was shown in @tex 5 that there is an association
between highly expressed genes and highly express@dATs, suggesting that the two

may somehow be linked. These cis-NAT promoterelaiered the human

131



transcriptome first through the transcription &-bIATs, but also possibly through
activation of the associated gene.

The transposition of TE sequences within the hogimsm will likely be neutral
at best and very possibly deleterious. It woultlbsurprising then if host genomes
employ mechanisms for reducing transposition. €reh mechanism is the deposition of
repressive chromatin modifications onto the TE segas, preventing transcription of
the TE and therefore also preventing transpositMhile preventing transposition would
be a benefit to the host, the silencing of the @gugnce could conceivably also effect
the expression of nearby genes via the generatibaterochromatin. In Chapter 6, we
reviewed studies which have shown that the depwosdf silencing epigenetic
modifications on ERV sequences does in fact hack an effect. Additionally, we
reviewed instances of epigenetic activation of ERd&rtions which lead to the activation
of nearby genes.

While the mechanisms of transcription terminatiod aolyadenylation in
eukaryotes have been known for some time, the usalldype-specific transcription
termination as a possible layer of gene reguldi@snot been appreciated for nearly as
long. Two recent studies have shown that alteredfiTS are utilized in induced
pluripotent stem cells and cancer cells, resultiniipe generation of transcripts with
intact ORFs, but truncated 3'UTRs [39]. Conversglwas shown that mouse cells
undergoing differentiation utilized alternative TWhich resulted in longer 3'UTRs [41].
Such differential 3'UTR generation could affect tedlular lifespan of the mRNA via
the loss or gain of mMiIRNA binding sites and nonsangdiated decay, and thus function

in the regulation of gene expression [177]. Inf@ba7, we have greatly added the
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knowledge of alternative termination of transcoptin humans by characterizing
alternative and cell type specific TTS derived fréf sequences. While many of these
TE-TTS resulted in alternative 3'UTRs, many moregeMecated within introns of human
genes, resulting in transcripts missing part of@F. These TE-TTS were highly cell
type-specific, suggesting that producing truncatadscripts may serve as a common
method of gene regulation. Interestingly, it wasantly shown that such internal
termination sites could lead to production of tratecd messages which when translated
lacked C-terminal domains. These truncated preteave been suggested to act as
molecular decoys, reducing the availability of hga for full-length proteins [180]. The
work shown here demonstrates that TE sequencesdnanetically altered human

transcription via the alternative termination @frtscription in a cell type-specific manor.

Future prospects of genome-wide bioinformatics sesl

The bioinformatics studies presented here yieldegtésting results, but the level at
which they studied the function human genome wiéte dpigh,i.e. from a bird’s eye

view; many potentially interesting non-coding elense which have many potential
effects on human gene transcription, were showntheubiological effects uncovered
computationally were not experimentally demonsttat€he field of bioinformatics

should be, at this point, mature enough to movehépuch high-level studies and probe
more deeply for specific biological effects andlbgical meaning. For example, the
FLAM_C-derived TTS in the BSDC1 3'UTR (Figure 7i%)very intriguing and has
significant potential to affect the cell type-sgrciegulation of BSDC1 protein
production via 3'UTR shortening and miRNA bindintedoss. Further, such effects

could happen only in primates where the FLAM_C iihse is found, meaning that any
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resulting regulation would occur only in primatéghis raises the possibility that this
insertion has helped to shape primate-specific ggpeession. However, there exists at
this point no evidence that 3’UTR shortening atBI8DC1 locus has any such effect on
the amount of BSDC1 protein produced. A relativ@typle set of experiments could be
conducted in order to quantify the affect thatB&DC1 3'UTR has on protein levels,
similar to what was done by Jenal et al. [181]utifothe study by Jenal et al. had very
different goals, a similar set of constructs wooéduseful.

Here, | provide an example of the kind of experitaésatudies that could be used
to validate the bioinformatic predictions | mademy Ph.D. dissertation research via the
analysis of using genome-wide data sets. Severaticts for expressirigenilla
luciferase with different segments of the BSDC1BRJcould characterize the ability of
the different segments to lower mMRNA and proteuele (Figure 8.1). The
polyadenylation signals of the FLAM_C-derived TTiRI&BBSDC1 canonical TTS would
be mutated and a very strong polyadenylation sigddéd to the 3’-end of the construct
(black) to ensure that only a singly mRNA form requced from the construct. The
FUTR (FLAM_C-UTR, red) is the truncated 3'UTR thhe BSDC1 transcript would
contain if the FLAM_C-derived TTS were utilizedh@ mUTR (miRNA-UTR, yellow)
is the portion of the BSDC1 3’-UTR downstream of FLAM_C-derived TTS
containing the miRNA binding sites. Cells wouldtbensfected with these constructs

and aFirefly luciferase expression construct.
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Figure 8.1. Constructs for characterizing the effet of the BSDC1 3'UTR on protein
levels. TheRenillaluciferase gene (blue) is paired with differentntianations of the
BSDC1 3'UTR: the 3'UTR generated when the FLAM_é€rded TTS is utilized
(FUTR, red) and the remainder of the canonical REbntaining miRNA binding sites
(mUTR, yellow). All constructs contain a strongyamlenylation signal (black).

Such experiments would be carried out in two ggles: one in which some or all
of the miRNAs which have target sites in the BSIB3ITR are expressed, and one in
which they are not. One or more of the miRNAs widog artificially expressed in the
cell type lacking miRNA expression in order to dersivate that the effects of 3'UTR
shortening on protein levels are a result of miRNAding. Alternatively, a highly
expressed miRNA sponge, in this case the mUTR ddoellintroduced into the cell type
expressing the miRNAs in order to reduce the effeaniRNA expression [182, 183].
HypotheticalRenilla/Firefly luciferase ratios relative to the construct lagkenBSDC1
3'UTR fragment (PAS, Figure 8.1) are shown in Fegg8r2. For all three conditions, it
would be expected that the relatiRenilla/Fireflyratio for the FUTR construct, being
short and lacking any known miRNA binding sitesulebbe close to 1,e.the same as
the PAS construct. In the cell type lacking rel@vaiRNA expression, the levels
relativeRenilla/Firefly ratios for the mUTR and FUTR + mUTR constructs lddwe
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expected to be similar as well, possibly slightiwér due to the unusually long BSDC1
3'UTR. However, for a cell type naturally expregsmiRNAS targeting the BSDC1
3'UTR, or for the cell type artificially expressirigem, the relativ®enilla/Firefly
luciferase ratio would be expected to be much low&he cell type expression the
MUTR miRNA sponge would be expected to show a higtlativeRenilla/Firefly
luciferase the mUTR containing constructs due &'sponging’ of the relevant
mMiRNAs. A similar analysis via qRT-PCR would ndegldone to characterize the
MRNA levels ofRenillaandFirefly luciferase produced. Similar experiments could be
conducted for other genes in which a 3'UTR TE-T&S8uits in the loss of miRNA

binding sites or otherwise dramatically altered BR$.

Figure 8.2. Hypothetical relativeRenilla/Firefly luciferase activity levels. The
expected relative ratios &enillaFirefly luciferase with th&enillaconstruct containing
different sections of the BSDC1 3'UTR.
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Such additional experimental investigation may Ineedhe norm for
bioinformatics studies of functional genomics; gemome-wide analysis of non-coding
functional elements, while academically interestcmuld be made even more relevant
vie the experimental elucidation of specific, viedf, effects. Returning to the BSDC1
locus, the differential utilization of the FLAM_Cedved TTS would be of little
consequence if it had no overall effect on the esgion or translation of the BSDC1
gene; it would be in effect a molecular curio. Tieed to attach experimentally validated
biological meanings to bioinformatics results Mikely increase as the field matures and
standards for publication rise. Indeed, it maydoee, or perhaps already has become,
the main role of bioinformatics to uncover thosevously unnoticed yet interesting
functional elements that can later be charactenezdlassic molecular experimental

techniques.
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APPENDIX A

SUPPLEMENTARY INFORMATION FO CHAPTER 3

Supplementary Methods

Paired end ditags (PETS)

Gene identification signature (GIS) analysis i€q@uencing and mapping strategy
that allows for the high-throughput demarcatiomgeiie transcription boundarié®. the
5" and 3’ gene termini [80]. The GIS analysis @dere that produced the data we
analyzed started with the isolation of polyA+ RNArh cells lines subject to different
treatments: 1) the log phase of MCF7 cells, 2) MCEI¥s treated with estrogen (10nM
beta-estradiol) for 12 hours, 3) HCT116 cells edawith 5SFU (5-fluorouracil) for 6
hours, 4) the log phase of embryonic stem cell hiaS8eder free culture condition.
Full-length cDNAs (flcDNA) were generated from RNd selected using the
biotynlated CAP trapper method [184]. The CAP pexpmethod relies on the
introduction of a biotin group to the cap structioend at the 5’ end of full length
MRNAs followed by first strand cDNA synthesis. Bioresidues are selected using
streptavidin-coated magnetic beads, which resultea retention of only flcDNAs.
BamHI and Mmel restriction sites are ligated to $hand 3’ termini of the flcDNAs,
which are then cloned to produce the GIS-flcDNAdily. This library is digested with
Mmel to yielding 18bp sequence fragments (signa)urem the 5’ and 3’ ends of

flcDNAs. The 3’ end of the signature includes tvoesidues from the polyA tail. The
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5" and 3’ flcDNA signatures are covalently ligatedform 36bp paired-end ditags
(PETSs), each of which represents an individualdtcapt. PETs are exised using BamHI
digestion and then concatenated and cloned forthiglughput sequencing. A single
sequencing read of ~700bp leads, on average, hémacterization of 15 distinct PETSs.

The GIS cloning and sequence analysis resulte84r624 PETs for the log
phase MCF7 cells, 153,179 PETs for the estrogeatetdeMCF7 cells, 280,340 PETs for
the HCT116 cells, and 1,799,970 PETSs for the hEfi8.cThese PETs were then
mapped to the human genome using the followingrait paired 5’ and 3’ ends must be
on the same chromosome, they must be in the cd&at3’ order and orientation, they
must be within 1 million base pairs, there musaldégbp contiguous sequence match (out
of 18bp) for the 5’ end of the PET and a 14bp cprdus match (out of 16bp) for the 3’
end of the PET. Using these criteria, most ofREd sequences (>90%) mapped to
single locations in the human genome, but PETs mgpgp 2-10 locations were also
included in the analysis.

The quality and mapping specificity of PETs hasnbeenfirmed in a number of
different ways [80]. For instance, >95% of PET9rt@mknown human gene transcripts
and the vast majority fell within 10bp of the tranption start and termination sites.
Most relevant to our study is the fact that the @h&lysis has been shown to be 30 times
more efficient than standard cDNA methods for cti@mdzing transcript and has resulted
in the discovery of numerous previously uncharamertranscripts. Thus, GIS is
particularly suited to the discovery of alternativenscripts in the human genome of the

kind initiated by ERV sequences.

Cap Analysis of Gene Expression (CAGE)
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The CAGE technique was developed for the high-thinput characterization of
transcription start sites (TSS) [30]. CAGE usesailar technology to that described
above for the generation of PETs in GIS. The nd#ference is that CAGE only
characterizes the 5’ ends, as opposed to bothcb3aRET ends, of lcDNAs. CAGE
also employs the isolation of flcDNAs using biotizigd mRNA caps as described for
GIS. Once flcDNAs are isolated, linkers with Mmmestriction sites are ligated to the 5’
ends of the flcDNAs, and the first 20 bp of the ¢&Ns cleaved with a Mmel restriction
digest. The resulting 5’ end cDNA fragments (sdexhCAGE tags) are amplified,
concatenated and sequenced. This procedure ditowrse high-throughput
characterization of the 5’ ends of mMRNAs, and maguf the resulting sequence
fragments to the genome identifies transcriptictait sites (TSS). CAGE tags are
mapped to the human genome mandating a contiguatchraf 18 out of 20bp.
Approximately 60% of CAGE tags can be unambiguousiypped to the genome in this
way. Only CAGE tags that mapped to one locatiothéngenome were used in our
study.

CAGE is a slightly more mature technology than @i it has been extensively
validated [31, 54]. In addition to the ability GAGE tags to converge on known TSS in
the human genome, CAGE also identifies thousangsesiously unknown TSS. This is
consistent with our discovery that numerous ERVivéer TSS correspond to alternative

transcripts.

Gene expression analysis
Human and mouse gene expression data were takarttieoNovartis

mammalian gene expression atlas version 2 (GNF2) [BNF2 data are based on
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Affymetrix microarray experiments conducted in regle on 79 human and 61 mouse
tissues. For each Affymetrix probe, signal intgngalues (.e. expression levels) were
median and log2 normalized across tissues. Affgimptobes were mapped to GenBank
RefSeq gene accessions using the UCSC Table Brabgr[81]. Human-mouse
orthologous gene pairs and 28 corresponding tigaire were identified as described
previously [185]. Similarity between human-mousiologous gene pair tissue-specific
expression profiles was measured using the Peamsoglation co-efficientr) as
described previously [186]. An adjustegtalue threshold of 0.5789, above which
human-mouse orthologous gene pairs can be conditiereave correlated expression
patterns across=28 tissues, was computed using the fornwatasqrt((n- 2) /(1-+?)),
wheret follows the Studentdistribution withn-2 degrees of freedom. Thevalue
threshold was based orPavalue of 0.00125 computed using a Bonferroni atiroa

with the number of comparisons (40) performieel P=0.05/40).

The GNF2 data were also used to compare the vafteaumber of gene
expression parameters for human genes that haveTE®hat yield chimeric
transcripts (ERV+) versus all other human genesV#Rith Novartis expression data.
Average values for the following gene expressiamapeters across the two sets were
compared: 1) average expression, 2) maximum expres® breadth of expression and
4) tissue-specificity of expression. Average, maxin and breadth of expression were
computed as described previously in [186]. Tisspeeificity was computed using the
parameter described in [187]. The values @nge between 0 and 1 with more tissue-
specific genes having higher values. Human gessedtspecific expression profiles

from the GNF2 data were used to group genes induXlers of co-expressed genes with
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K-means clustering using the program Genesis [188F observed counts of ERV+
genes in each of these clusters were comparee texghected counts based on the whole
genome distribution using a chi-square test.

Human ESTs were mapped to ERV-derived TSS and iassdgenes and the
tissues (or cell lines) from which they were chtgdzed were determined using the
Human ESTs track of the UCSC Genome Browser [Fbk distribution of EST tissue
types across alternative versus primary promotessa@mpared using a joint chi-square
test. Observed EST tissues counts for the aligeaérsus the primary TSS were
compared with expected counts based on the pogkgetcounts to compute a chi-
square value for each promoter and the joint chasg probability for the two promoters

was computed.

Gene ontology (GO) analysis

The set of human genes with ERV-TSS that yield eniclERV-gene transcripts
(ERV+) were evaluated for enrichment of biologipedcess and molecular function GO
terms using the program using the program GOTreehiia (GOTM) [189]. The
GOTM program was used to implement a hypergeomigsiccomparing GO term
frequencies in the ERV+ human gene set againstlkgbaund set made up of all human
genes with corresponding Affymetrix probes. GOTMduces a list of enriched GO
terms along with a view of the GO directed acygliaph (DAG) showing the parent-

child relationships among enriched GO terms.

ERV age analysis
ERVs accumulate mutations after inserting intogaeome. Thus, the relative

ages of ERVsi,e. the time since insertion, can be estimated usiagéquence
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divergence levels between ERVs and their consesemysences [1]. ERV-to-consensus
divergence levels were taken from the RepeatMaskigut. Average levels of ERV-to-
consensus divergence were compared for all ERVYsERat overlap with ESTs, ERVs

that overlap with CAGE tags and ERVs that overlah \WETSs.
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Table A.1. List of ERVs that initiate ERV-gene chmnerical transcripts along with
their associated genes

Name Chromosome Start Stop Gene Accession Chromosomee targ Stop
LTR41 chrl 17954613 17954613 NM_030812 chrl 1796443 18026143
MER4A chrl0 106004209 106004209 NM_004832 chrl0 008667 106017199
LTR12D chrl4 23175701 23175701 NM_005794 chr14 8321 23184686
LTR12D chrl4 23175701 23175701 NM_182908 chr14 8321 23184686
MER54B chrl6 751307 751307 NM_005823 chrl6 751138 58886
MERS54B chrl6 751307 751307 NM_013404 chrl6 751138 58886
MER39 chrl7 7392869 7392869 NM_003809 chrl7 7393098 7401930
E MER39 chrl7 7392869 7392869 NM_172089 chrl7 7393139 7405649
g— MLT2E chr19 9112101 9112101 NM_020933 chr19 9112072 9135082
LTR12B chr3 129354764 129354764 NM_021937 chr3 53982 129610178
LTR54 chrd 84425703 84425703 NM_015697 chr4 8440400 84424988
MERA41D-int chr4 191144734 191144734 NM_02004Q chr4 191140672 191143019
MERS1A chr7 10979661 10979661 NM_014660 chr7 108800 11109807
MERS1A chr7 10979661 10979661 NM_0010071%7 chr7 80080 11175766
LTR43 chr8 143778578 143778578 NM_017527 chr8 18332 143782611
LTR75_1 chr8 144192262 14419226p NM_173687 chr8 192053 144207095
LTR41 chrl 17954234 17954613 NM_030812 chrl 1796443 18026143
LTR41 chrl 17958237 17958696 NM_030812 chrl 1796443 18026143
HERVH48 chrl 181939402 181944098 NM_015149 chrl 878830 182164288
HERV4_| chrll 117598355 11759858H NM_0010985p6 thrl 117569651 117601019
HERVL40 chrl2 31766377 31766997 NM_207337| chr12 13838 31773251
LTR40a chrl3 29764513 29764759 NM_0010143B0 chrl3 9672767 29779163
LTR40a chrl3 29764513 29764759 NM_03211§ chri3 2967 29779584
LTR12D chrl4 23176754 23177445 NM_005794 chrl4 8321 23184686
LTR12D chrl4 23176754 23177445 NM_182908 chrl4 8321 23184686
MLT2E chr19 9111991 9112101 NM_020933 chr19 9112072 9135082
E MERG67D chr19 42033104 42033171 NM_003419 chr19 3208 42062310
2 MER52D chr2 109729279 109729386 NM_02301§ chr2 20999 109733852
Harlequin chr2 188083923 188088834 NM_001032281 2 chr 188051551 188127464
LTR16C chr20 4666836 4667196 NM_177549 chr20 468992 4669314
LTR7 chr4 89292502 89292904 NM_004827 chr4 89230440 89299035
LTR1D chr4 178965922 178966704 NM_001085490 chr4 8888900 179148663
HERV9 chr5 146361399 146364490 NM_181674 chr5 19360 146415783
HERV9 chr5 146361399 146364490 NM_181678 chr5 19360 146441207
LTR5B chr5 177414929 177415182 NM_001080544 chr5 7412995 177415888
LTR50 chr8 12873949 12874595 NM_020844 chr8 12838755 12931655
LTR43 chr8 143778243 143778578 NM_017527 chr8 18332 143782611
HERVH chrX 113744197 113747509 NM_000868 chrX 114805 114050880
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LTR41 chrX 134693953 13469417 NM_152582 chrX 13859 134701914
LTR41 chrX 134693953 13469417 NM_001017436 chrX 46BB879 134719184
LTR41 chrX 134781361 13478158¢ NM_0010075%1 chrX ATI3B630 134781660
LTR41 chrX 134798611 13479883 NM_001017438 chrX 47E®881 134798910
MERS54B chrl6 725416 725902 NM_022493 chrl6 719771 30998
LTR9 chrX 2729224 2729740 NM_175569 chrX 2680114 43860
MER51A chr2 3339561 3340106 NM_003310 chr2 3171749 3360605
MER21C chr7 5933542 5933818 NM_001099697 chr7 50323| 5976840
MER21C chr7 5933542 5933818 NM_173565 chr7 5932302 5976840
MER31B chrg 11702728 11703173 NM_004462| chr8 116875 11734226
LTR36 chr22 17028682 17028800 NM_017414 chr22 17812 17040162
MER41A-int chri2 26797075 26797151 NM_002223| chrl2 26379553 26877398
LTR12 chri2 29480709 29481473 NM_183378| chrl2 29831 29541886
HERVE chri2 31165336 31165939 NM_0010805p2 chrl2 158126 31250355
LTR27B chr7 33358011 33358250 NM_001033604 chr7 38816 33612205
LTR27B chr7 33358011 33358250 NM_001033605 chr7 38816 33612205
LTR27B chr7 33358011 33358250 NM_014451] chr7 331856 33612205
LTR27B chr7 33358011 33358250 NM_198428 chr7 33I856| 33612205
MLT2B2 chrl7 34767819 34768179 NM_032875 chrl7 BBEB 34811402
MER41G chr22 34984494 3498507( NM_003661 chr22 8ae9 34993522
MER41G chr22 34984494 3498507( NM_145343 chr22 38ae9 34993522
” LTR7 chrl8 38577764 38578263 NM_002930] chri8 388971 38949655
(2) MERG6G8 chra 38951204 3895175( NM_025132| chr4 3888041 38963824
- LTR19C chrl3 42526886 42527709 NM_013238 chrl3 8269 42581304
MER61F-int chrl5 43131729 43132169 NM_003104 chrl5 43102632 43154331
MER92C chrd 46920855 46921054 NM_000812 chrd 463283 47123202
LTR12C chrl3 50224579 50226004 NM_198989 chrl3 8018 50315886
MERA4C-int chr7 50525903 50526498 NM_000790| chr7 BB27 50596262
MERA4C-int chr7 50525903 50526498 NM_0010829Y1 chr7 50493627 50600648
MER4D chr3 54650117 54651004 NM_018398 chr3 5413178 55083622
MER21C chrs 54816203 54816867 NM_003711 chrs 542564 54866630
MER21C chrs 54816203 54816867 NM_176895 chrs 542564 54866630
MER34B chra 62321975 62322273 NM_015236| chra 620854 62620762
HERV4_| chr19 63452392 63453769 NM_014480| chr19 33381 63466820
MER57A-int chré 64070948 64072854 NM_016571] chré 0474518 64087841
MER52A chrd 64888385 64889631 NM_001010874 chra 26085 64957773
LTR12 chr7 68888991 68889595 NM_015570] chr7 6870226 69895790
MERS52A chr13 69395827 69397313 NM_020866| chrl3 2928 69580460
MERA4B-int chri2 74045504 74047192 NM_152779 chrl2 4014729 74050436
MER34B chr9 74532752 74533337 NM_138691 chr9 743865 74641087
MLT2F chr7 75145897 75146022, NM_005338 chr7 750@134 75206215
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MLT2B2 chrl2 79840894 79841339 NM_004664 chrl2 B30 79855825
HERV17 chr8 81814505 818173345 NM_001033723 chr8 18323 81949571
LTR54 chrl 85637738 85638265 NM_012137| chrl 855667p 85703411
HERVH chr10 92557476 92561145 NM_000872] chr10 92890 92607651
HERVH chr10 92557476 92561145 NM_019859 chr10 92890 92607651
HERVH chr10 92557476 92561145 NM_019860] chr10 92890 92607651
HERVH chra 93581454 93584375 NM_001510 chra 934245 94912672
LTR9 chr7 98858058 98858575 NM_015545 chr7 98854689 98874355
MER34D chrl3 99168644 99168814 NM_206808 chr13 69086 99342824
HERVH chrl4 101779943 101781050 NM_014224 chri4 76@930 101841284
MLT2D chr7 110096425 110096834 NM_032549 chr7 10032% 110989583
LTR12C chra 110124142 1101255211 NM_198721 chr4 50090 110443248
LTR12C chra 110124142 110125521 NM_03251§ chr4 ©0989 110443248
HERVH chrg 110382902 11038544 NM_032869 chr8 12022 110415491
LTR16C chrl2 116670959 11667131p NM_17359§ chrl2 6315221 116777724
LTR22B chr10 117136681 117136898 NM_207303 chr10 6843113 117698484
LTR7Y chr3 117306893 117307321 NM_002338 chr3 11839 117647068
HERVH chr3 117309183 11731233 NM_002338| chr3 11869 117647068
LTR7Y chr3 117312335 117312764 NM_002338 chr3 11839 117647068
LTR16B chr9 118368734 118369128 NM_198188 chr9 21827 118489334
LTR16B chr9 118368734 118369128 NM_01401(Q chr9 21827 119217138
LTR16B chr9 118368734 118369128 NM_198186 chr9 21827 119217138
LTR16B chr9 118368734 118369128 NM_198187 chr9 21827 119217138
HUERS-P3 chré 119008185 119016806 NM_001042475 chré | 118892931 1190797193
HUERS-P3 chré 119008185 119016806 NM_206921 chré 8919289 119079713
MER41B chr8 119012088, 11901271) NM_000127 chr8 80882 119193239
MLT2B4 chr8 119444631 119445187 NM_001101676 chrg 19210875 119703365|
LTR38B chré 119666263 119666850 NM_005907 chré 40967 119712625
LTR12C chr3 120273950 12027550 NM_15253§ chr3 02010 120347588
LTR7 chré 123945179 12394557 NM_006073| chré 1238TI9| 123999641
MERS52A chrd 124247306 124248778 NM_145207 chra 62604 124460054
MER21A chré 124675036 124675939 NM_0010402[L4 chré 24166767 125188483
LTR22C chr7 126086080 126086529 NM_000845 chr7 ©3882 126670546
LTR40a chr8 126207807 12620788R NM_173685 chr8 13816 126448543
MLT2A2 chr3 126756469 12675697( NM_022776 chr3 BAEBP3 126796624
LTR10C chrs 133976397 133976985 NM_001033503 chrs 33910018 133996426
LTR10C chrs 133976397 133976985 NM_016103 chrs 16098 133996426
PABL_A chr9 135137645 13513827 NM_020469 chr9 PBBB3 135140451
MER21C chr2 137646118 137646928 NM_0010804R7 chr2 37464931 138151757
HERV9 chrs 146361399 146364490 NM_181676 chrs 19360 146415671
HERV9 chrs 146361399 146364490 NM_181677 chrs 19360 146441207
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LTR1B chr7 146429315 14643002 NM_014141 chr7 14385 147749019
LTR8A chr7 147352928 14735362 NM_014141] chr7 14385 147749019
MER21A-int chrd 147875445 147878401 NM_031956 chra 147847628 148086484
MER4A1-int chr3 151891622 151892158 NM_152394 chr3 151860366 151904432
HERV30 chr3 155568283 15557173f NM_0010387D5 chr3 55538155 155630198
MER41B chré 160579903 16058054[L NM_00305§ chré 38083 160599949
HUERS-P2 chr3 168448261 168451231 NM_02468F chr3 8446778 168580765
LTR10G chr3 168474996 168475504 NM_024687 chr3 46848 168580765
LTR7 chra 187400103 18740047 NM_000892| chr4 188885 187416618
HERVH chra 187402139 187405364 NM_000892 chr4 18888 187416618
HERVL40 chr2 202090151 2020904438 NM_152525 chr2 080201 202192146
MER21C chrl 223825852 223826508 NM_001008493 chrl 23721156 223907468|
MER21C chrl 223825852 223826508 NM_018211 chrl 22336 223907468
LTRA49-int chr2 231087179 2310878838 NM_003113 chr2 30989114 231089486
LTRA49-int chr2 231087179 2310878838 NM_0010803p1 2chr 230989114 231118561
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Figure A.1. ERV-derived promoter of the LY6K gene.A) The LTR43 (red) ERV
sequence is located in the proximal promoter regimhoverlaps the LY6K 5" UTR.
The locations of PET sequences (green) and spi&a® (black) are shown. B) The
LTR43 (red) sequence region is enlarged and thegithdal PET sequences (green) and
spliced ESTs (black) that support the existenddisfpromoter are shown. C)
Evolutionary conservation of LY6K versus LY6K.
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Figure A.2. Gene expression profiles and correlains for human and mouse

GSTO1 and GSTOZ2. A) Relative expression values resulting from raadand log2
normalization of Affymetrix signal intensity valuasross tissues. B) Pearson correlation
coefficient valuesr) showing the correlation, or lack thereof, fostie-specific

expression between human paralogs and human-mahsogs.
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Figure A.3. Ranked list of r-values showing the coelation between human-mouse
orthologous gene tissue-specific expression profiléor all human genes that have a
lineage-specific ERV-derived TSS that generates &imeric ERV-gene transcript.
An r-value 0.5789, dotted line, corresponds to significantdyexpressed orthologous
gene pairs.
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Table A.2. Human gene expression values for genegh ERV-TSS versus all other
genes.

Expressiorf ERV+’ ERV-© T P
Average 378.3£52.9 600.6:t 10.0 3.97 7.3e-5
Maximum 1920.1+ 309.9 3143.550.33 3.76 1l.7e-4
Breadth 23.9+2.6 27.0£0.1 1.18 2.4e-1

Tissue-specificity 0.75+ 0.01 0.7+ 0.00 2.88 4.0e-3

®Expression parameters measured using the Novadi2@ata as described

PAverage and standard error for human genes posgemsiERV that promotes an ERV-
gene chimeric transcript

PAverage and standard error for all other human gene

“Test statistic and significance level for the Stttet-test comparing the ERV+ and
ERV- values
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cluster #probe Observed Expected chi-square

1 1753 12 3.87598 17.02787535 brain
2 2926 4 6.469548 0.9426727
3 1936 1 4.280603 2.514214961
4 1852 4 4.094874  0.00219815
5 452 2 0.999397 1.001810501
6 550 2 1.21608 0.5053366
7 1016 4 2246432 1.368837315
8 1499 1 3.314372 1.616088155
9 1837 3 4.061709 0.277524844
10 3799 6 8.399799 0.685615837
11 1725 1 3.81407 2.07625744
12 4167 4 9.213467 2.950055682
13 534 1 1.180704 0.02765619
14 4268 7 9.436784 0.629230882
15 4169 14 9.217889 2.480891257
16 2005 7 4.433166 1.486215024
17 2639 7 5.834975 0.23261172
18 3828 5 8.46392 1.417633857
19 3040 6 6.721608 0.077469284
20 780 8 1.724623 22.83418023 testis
44775 99 60.15437598 Chi-square value

3.65815E-06 P -value
Figure A.4. Co-expressed clusters of human geneAverage tissue-specific
expression profiles across 79 tissues are showeakdn cluster Clusters enriched for
genes with ERV-TSS that generate chimeric trantcepe boxed in red. Chi-square
statistical analysis indicating enrichment in ctusk (brain) and cluster 20 (testis) is
shown below the clusters.
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Figure A.5. Human gene co-expression cluster 1 (@in) and cluster 20 (testis) are
shown. Average relative expression levels are indicatethe y-axis and the tissue-
names are shown on the x-axis below the second.pane
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Figure A.6. Tissue distribution of ERV CAGE tags. Observed counts for ERV CAGE
tags are compared to expected counts based oAGIEGags for brain, testis and the

average of all other tissues®=3,249P=0.
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Table A.3. Statistically over-represented (enrich@) GO biological process terms for
human genes with an ERV-derived TSS generating a theric ERV-gene transcript.

AffylD 2 ERV-gené GO° P-value®
201563 _at NM_003104 G0:0019751 polyol metabolicpss 0.0015
205311 at NM_000790, GO:0006066 alcohol metabolic process 0.0034

NM_001082971

206463 s at NM_005794, G0:0008202 steroid metabolic process 0.0030
NM_182908
208647 _at  NM_004462 0.0013
G0:0008299 isoprenoid biosynthetic process
209546_s at NM_003661, G0:0008202 steroid metabolic process 0.0030
NM_145343
210946 _at NM_003711, 0.0089
G0:0044255 cellular lipid metabolic process
NM_176895
213379 _at NM_015697 0.0013
G0:0008299 isoprenoid biosynthetic process
218304 s at NM_022776 G0:0008202 steroid metabolic process K ()[0]0]

aAffylD mapped to ERV-related gene

PERV-related gene

“Over-represented biological process GO term andrigiion
p_value associated with that GO term
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Figure A.7. GO directed acyclic graph showing th@arent-child relationships of
statistically over-represented (enriched) GO biologal process and molecular
function terms for human genes with an ERV-derivedl' SS generating a chimeric
ERV-gene transcript. Significantly enriched GO terms are shown in red.

156



Figure A.8. Relative frequency of ERV-derived TSS$letected by PET versus all
ERVs in the genome.ERYV types correspond to family names from theda#ldasker
output.
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APPENDIX B

SUPPLEMENTARY INFORMATION FOR CHAPTER 5

Table B.1. Number of CAGE tags mapped from each ddine, sub-cellular location
and poly-adenylation state CAGE tag mappings from the GM12878, HIHESC,
HEPG2, HUVEC and K562 and NHEK cell lines were daded from the ENCODE
repository on the UCSC genome browser.

Cell Line  Sub-cellular location Poly-A- Poly-A+ Total
Cytosolic 18,211,686
GM12878 Nucleolar 26,792,181
Nuclear 27,652,635
H1IHESC Whole Cell 28,801,912
Cytosolic 19,645,027
HEPG2 Nucleolar 35,803,226
Nuclear 16,792,966
HUVEC Cytosolic 19,837,471
Cytosolic 20,273,886 18,769,778
Nucleolar 9,527,032
K562
Nucleoplasmic 14,826,128
Nuclear 25,989,950 20,648,810
Cytosolic 23,312,041
NHEK Nuclear 68,757,727
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Table B.2. CAGE clusters identified in each cell lie, sub-cellular location and poly-
adenylation state. Overlapping CAGE tag mappings (Table S1) from theCODE cell
lines and in the same sub-cellular locations ang-adenylation states were grouped
together and designated as clusters

Cell Line  Sub-cellular location Poly-A- Poly-A+ Total
Cytosolic 407,021
GM12878 Nucleolar 2,458,566
Nuclear 1,087,671
H1HESC Whole Cell 903,838
Cytosolic 668,040
HEPG2 Nucleolar 2,888,807
Nuclear 4,188,848
HUVEC Cytosolic 857,093
Cytosolic 4,096,071 525,177
Nucleolar 3,503,588
K562
Nucleoplasmic 4,617,119
Nuclear 6,829,025 2,244,742
Cytosolic 1,730,893
NHEK Nuclear 3,082,557
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Table B.3. ChIP-seq reads mapped for each histoneadification and cell types.
ChlP-seq data from the GM12878, HIHESC, HEPG2, HOVE562 and NHEK cell
types cell ties were downloaded from the ENCODBsépry on the UCSC genome
browser. Reads were mapped using bowtie, keepabést hits with ties broken by
quality. Ambiguously mapped reads were resolveagusibbsAM.

Tags Mapped

Modification
GM12878 HIHESC HEPG2 HUVEC K562 NHEK

Control 7,436,431 11,908,61711,039,78416,836,24513,240,73910,666,985

H3K4Mel 14,069,086 9,713,507 --- 14,524,897  --- 11,260,426

H3K4Me2 9,163,434 14,479,37217,293,34712,005,59612,454,36011,031,009

H3K4me3 10,218,9537,072,374 10,289,14512,497,26215,989,32310,296,574

H3K9Ac  12,022,89116,477,468 7,351,567 8,670,429 17,281,19912,454,536

H3K9Mel --- --- --- 10,658,05215,905,40510,731,385
H3K27Ac 10,770,731  --- 8,856,877 16,833,00515,871,53512,788,055
H3K27Me3 14,430,662 7,160,479 --- 11,652,28912,412,831 9,141,036

H3K36Me3 15,195,40614,680,52013,579,529 9,818,236 14,950,529 9,182,104

H4K20Mel 12,224,19516,605,68510,356,63316,664,74513,685,63012,380,840

Pol2b --- --- --- 9,860,160 10,822,29510,175,792
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Figure B.1. Enrichment of chromatin modificationsand RNA Polll at cis-NAT
promoters in K562 cells using CAGE data from nucles polyadenylated isolate€is-
NAT promoters were divided into 4 bins based onvdgt and the normalized average
numbers of ChlP-seq reads from each histone madtidic +/-5kb of the cis-NAT TSS
were calculated for each bin. A ‘+’ or ‘—" abovéar indicates that the number of ChIP-
seq reads for that bin and modification is sigaifitty higher or lower than the control,
respectively (P < 0.001). A ‘+ or ‘- within thiear indicates that a bin is significantly
enriched or depleted, respectively, for the histmoelification compared to the next
lowest expression bin (P < 0.001). Error bars shave the standard error of the mean.
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Figure B.2. Enrichment of chromatin modificationsand RNA Polll at cis-NAT
promoters in NHEK cells using CAGE data from non-pdyadenylated nucleus
isolates. Cis-NAT promoters were divided into 4 bins baeadactivity, and the
normalized average numbers of ChiP-seq reads femin leistone modification +/-5kb of
the cis-NAT TSS were calculated for each bin. Adr‘—" above a bar indicates that the
number of ChlP-seq reads for that bin and modificais significantly higher or lower
than the control, respectively (P < 0.001). Aot"-* within the bar indicates that a bin
is significantly enriched or depleted, respectiyéby the histone modification compared
to the next lowest expression bin (P < 0.001).0Bbars shown are the standard error of
the mean.
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Figure B.3. Spearman Rank correlation between cis-AT promoter activity and
histone modification for K562 nucleus polyadenylate isolates. Cis-NAT promoters
were divided into 100 bins based on activity, dmelriormalized average number of
ChlIP-seq reads +/-5kb of the cis-NAT TSS were dated. A Spearman rank
correlation was used to determine the relationbkipreen local histone modifications or
RNA Polll occupancy and cis-NAT activity.
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Figure B.4. Spearman Rank correlation between cis-AT promoter activity and

histone modification for NHEK nucleus non-polyadeniated isolates Cis-NAT
promoters were divided into 100 bins based on #égtiand the normalized average
number of ChlP-seq reads +/-5kb of the cis-NAT T&%e calculated. A Spearman rank
correlation was used to determine the relationbkigveen local histone modifications or
RNA Polll occupancy and cis-NAT activity.
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Figure B.5. ChlP-seq read density near cis-NAT TSB K562 cells using CAGE
data from polyadenylated RNA from nuclear isolatesCis-NAT promoters were
divided into 4 bins based on activity, and the raiped average numbers of ChIP-seq
reads in 10 base-pair windows within 5kb of theM&T TSS were calculated for each
bin.
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Figure B.6. ChlP-seq read density near cis-NAT TS#B NHEK cells using CAGE
data from non-polyadenylated RNA from nuclear isoldes. Cis-NAT promoters were
divided into 4 bins based on activity, and the raimed average numbers of ChlP-seq
reads in 10 base-pair windows within 5kb of theM#&T TSS were calculated for each
bin.
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Figure B.7. Chromatin modification environment araund genic promoters in K562.
Genic promoters were taken from the UCSC genesseéttheir activity measured using
CAGE data from polyadenylated RNA from nucleusase$ from K562 cells. Genic
promoters were divided into the same for bins aNAT promoters for the same data
set, and the normalized average numbers of ChiReset$ in 10 base-pair windows +/-
5kb of the genic TSS (at position 0) were calculdte each bin.
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Figure B.8. Chromatin modification environment araund genic promoters in

NHEK. Genic promoters were taken from the UCSC genessdttheir activity
measured using CAGE data from non-polyadenylated Rbim nucleus isolates from
NHEK cells. Genic promoters were divided into theng for bins as cis-NAT promoters
for the same data set, and the normalized avenagbers of ChlP-seq reads in 10 base-
pair windows +/- 5kb of the genic TSS (at positijrwere calculated for each bin
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Figure B.9. Correlation between genic and cis-NAT romoter activity in K562. Cis-
NAT promoters in the K562 cell type were identifiesing CAGE data from non-
polyadenylated RNA form nucleus isolates. Actiwafygenic promoters and the sum of
corresponding cis-NAT promoter activity was meadlrg CAGE tag counts. A
Spearman rank correlation was used to determingsthtonship between total cis-NAT
promoter activity and genic promoter activity.
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Figure B.10. Correlation between genic and cis-NAPromoter activity in NHEK.
Cis-NAT promoters in the NHEK cell type were iddietl using CAGE data from non-
polyadenylated RNA form nucleus isolates. Actiwafygenic promoters and the sum of
corresponding cis-NAT promoter activity was meadlrg CAGE tag counts. A
Spearman rank correlation was used to determingsthtonship between total cis-NAT
promoter activity and genic promoter activity.
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SUPPLEMENTARY INFORMATION FOR CHAPTER 7

APPENDIX C

Table C.1. Number of PET tags within TTS clustersand number of TTS clusters

found fore each cell typePET tag mappings from ENCODE cell types were ueed t
find TTS. Co-locating PET 3’ ends were cluster@dharacterized TTS. Those TTS
overlapping TE sequences were found to be TE-TTS.

Cell Type  Sub-Cellular Location PET Tagsin TTS NoRTETTS TE-TTS
GM12878 Nucleus 18,475,428 16,672 2,296
H1HESC Whole Cell 13,793,627 17,671 1,242

HelLaS3 Nucleus 1,863,548 5,728 407
HepG2 Nucleus 8,934,435 15,883 3,919
HUVEC Nucleus 3,305,792 18,253 1,247
K562 Nucleus 7,619,273 13,947 2,557
NHEK Nucleus 17,517,569 15,142 1,126

Prostate Whole Cell 4,506,631 8,885 794



Table C.2. ChlP-seq reads mapped for each histoneadification and cell line.ChlP-
seq data from the GM12878 and K562 cell lines wvdengnloaded from the ENCODE
repository on the UCSC genome browser. Reads mapped using bowtie, keeping the
best hits with ties broken by quality. Ambiguousigpped reads were resolved using
GibbsAM.

Tags Mapped

Modification
GM12878 K562 NHEK

H3K9Ac 12,022,891 17,281,199 12,454,536

H3K27Me3 14,430,662 12,412,831 9,141,036

H3K36Me3 15,195,406 14,950,529 9,182,104
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Figure C.1. Enrichment of chromatin modifications d Transcription Termination

sites in GM12878.TE-TTS and non TE-TTS were characterized using ERE@ET
data from the GM12878 cell type. Other intrageriicinsertions were defined as those
intragenic insertions that do not show a TTS. d@herage normalized numbers of ChIP-
seq tags in 10 base-pair windows +/-5kb of the Dl Bisertion were calculated for each
set.

173



Figure C.2. Enrichment of chromatin modifications d Transcription Termination

sites in NHEK. TE-TTS and non TE-TTS were characterized using ENE®ET data
from the NHEK cell type. Other intragenic TE insams were defined as those
intragenic insertions that do not show a TTS. d@herage normalized numbers of ChIP-
seq tags in 10 base-pair windows +/-5kb of the diBisertion were calculated for each
set.
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