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Abstract

Gene therapy has the potential to not only treat, but cure individuals suffering from

inherited diseases. Advances in understanding the human genome and the dis-

covery of causal genes underlying diseases has heightened the need to solve the

gene therapy challenge. Viral vectors are often used as a delivery tool for thera-

peutics, but their safety and efficacy are still being studied. To contribute to this

goal, we have created 49 small viral promoters by bioinformatically annotating cis-

regulatory regions from which a subset are concatenated with the goal of driving

cell-specific expression of a reporter gene. We have tested a subset of these in mice

in vivo. Regulatory region analysis can take a trained designer multiple weeks. To

resolve this issue, we have created a semi-automated approach to regulatory region

identification, named OnTarget. The OnTarget database accumulates thousands of

cell and tissue-specific experiments in order to identify regions informative of reg-

ulatory properties. OnTarget is able to identify regulatory regions consistent with

those identified by designers. In this capacity, we expect OnTarget to lead to bet-

ter and faster identification of cis-regulatory regions for the design of promoters

targeting specific sets of cells.
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Lay Summary

Millions of people currently live with incurable genetic diseases. Although many

treatments exist to ease symptoms of these diseases, they are often expensive and

invasive, resulting in both financial and emotional burdens on patients, their fam-

ilies, and healthcare systems. Gene therapy has the potential to not only treat, but

potentially cure genetic diseases. The concept is simple: replace a malfunctioning

gene with a working version. Current gene therapies often do not discriminate in

the delivery of these genes, which can lead to healthy cells receiving these unnec-

essary genes potentially causing unwanted side effects. In order to address this

issue, we have designed a method to limit the replacement gene to be active in the

right types of cells. We have created software to make this process available to

other researchers.
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Preface

This thesis contains original work as well as extensions to the MiniPromoter project

led by the laboratory of Dr. Elizabeth M. Simpson (UBC). All work was performed

at the UBC Centre for Molecular Medicine and Therapeutics at the BC Childrens

Hospital Research Institute under the supervision of Dr. Wyeth Wasserman. No

text is taken from previously published material.

The MiniPromoter design protocol was defined by myself and Dr. Oriol Fornes,

building from reported approaches of past members of the lab. I established the On-

Target analysis steps, creating pseudocode and flowcharts, which David Arenillas

programmed. All data was downloaded for free academic use from the FANTOM5

consortium, ENCODE project, Roadmap Project, the UCSC Genome Browser,

and GEO archives. With the exception of the KRT12 Ple326 and Ple334 con-

structs (which was analyzed by myself within the Simpson laboratory), the mouse

work was performed by our collaborators in the Simpson laboratory, including

Jack Hickmott, Andrea Korecki, and Siu Ling Lam, and was covered under the

UBC Animal Ethics Certificate A14-0295 and BioSafety Certificate B14-0131.
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Chapter 1

Introduction

As healthcare costs continue to rise, it is imperative to further not only the un-

derstanding of human diseases but to provide new and effective treatments[63].

Unlike diseases contracted by foreign agents, a large portion of inherited diseases

are currently incurable. Treatments exists to alleviate symptoms, but often times

provide no cure. Certain individuals suffering from inherited diseases must con-

tinue treatment for life, which produces both financial and emotional burdens on

patients, their families, and the healthcare system as a whole.

At the conceptual level, the problem of genetic disorders seems simple; a mal-

functioning gene can be replaced by a functioning version. At the implementation

level, however, there are challenges in the identification of the gene(s) involved, in

the delivery of the restorative gene to the appropriate cells in the body, in the main-

tenance of expression of the replacement gene, and in the prevention of unintended

effects[54]. Efforts spanning more than 25 years[25] to produce gene therapies

have confronted these issues, with mixed success[54, 81].

Substantial advances in the understanding of the human genome and the dis-

covery of causal genes underlying diseases has heightened the need to solve the

gene therapy challenge. Improvements in the delivery of nucleic acids[54, 75]

have allowed for a new era of new gene therapies, with hundreds of new clinical

trials underway worldwide[25]. To realize the full potential of gene therapy, addi-

tional advances will be required, including improving delivery of therapeutic DNA

to relevant cells and tissues[37]. In particular, the most popular method of in vivo
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delivery is through viral vectors, engineered to remove pathogenic properties[75].

One of the identified challenges in the field is the establishment of ‘promoter’

sequences capable of directing therapeutic gene expression in a targeted manner

(the formal meaning of ‘promoter’ will be fully discussed below). Most existing

vectors incorporate ubiquitous promoters, but calls have been made to find pro-

moters capable of directing gene expression in the correct subset of cells which

also affects gene therapy safety and efficacy[80]. Promoter design and selection

is a challenge, as the DNA sequence must be capable of utilizing a host cell’s

transcriptional machinery[75]. It is possible to form promoter sequences from

piecing together endogenous DNA known to promote gene expression in a de-

sired pattern[22, 23, 40, 60]. Many of these sequences are part of the non-coding

regions of the genome, which accounts for 98% of all genetic material in the hu-

man genome[27]. Recognizing these sequences is therefore an important goal, and

several methodologies and technologies have been developed to aid in their identi-

fication.

Designing promoters for use in viral vectors is a key step to a future in which

gene therapies are widely used to treat and, in the best cases, cure genetic disorders.

1.1 Gene Therapy
While the knowledge of gene transfer dates back to the 1947 discovery of bacterial

conjugation, the launch of the modern field of gene therapy is marked by the first

clinical trial in 1989[81]. By the mid-1990s, trials for the treatment of diverse dis-

orders, such as adenosine deaminase deficiency[11] and cystic fibrosis[14], caused

a boom within the field. While results were often mixed, the growth of the field

continued rapidly until 1999, when the death of Jesse Gelsinger occurred during a

trial to correct the effects of ornithine transcarbamylase deficiency. The cause of

his death was multi-organ failure due to a large immune response over an adminis-

tered high dose of the adenosine virus vector.[42].

Renewed hope arose in 2000 when researchers cured patients with X-linked

severe combined immunodeficiency-X1 through the use of a retrovirus[18]. How-

ever, a couple years after publication, two of the patients treated for the disease de-

veloped a leukemia-like disease, due to the retroviral gene inserted near the LMO2
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oncogene[38] (the insertions were presumed to be activating).

The gravity of these failures weighed on the community and prompted reviews

of the gene therapy field as a whole[69]. Emphasis was placed on the identifica-

tion/creation of new viral vectors capable of safe delivery of therapeutic genes[75].

Advances in vector technologies have led to success in animal models, and since

the early 2010s, the number of clinical trials for gene therapies has increased dra-

matically once again[54].

1.1.1 Gene Therapy via Viral Vectors

Viruses are currently the dominant tool for delivery of therapeutic DNA[25]. As

viruses have the ability to transmit their genetic material into cells, they are highly

relevant to gene therapy. The failures of gene therapy at the turn of the century

highlighted a need for deeper understanding of viruses, and how they could be se-

lected/modified to circumvent the known problems[43]. The subsequent research

revealed advantages and drawbacks for specific viral vectors. Proper vector se-

lection for the scope of each trial therapy increased both safety and efficacy[54].

Individual vectors differ in the types of cells they are able to transduce, the length

of DNA (or in some cases RNA) they can deliver, how long therapeutic expression

will persist, and, in some aspects, expected host immune response post-injection[1]

(see Figure 1).

The Journal of Gene Medicine maintains a database of gene therapies of the

past (since 1989), and current clinical trials[25]. Approximately 70% (69.5%) of

all trials used viral vectors (1989-2016). In 2016, viral vectors made up 84% of

newly approved gene therapy trials. While diverse viruses have been used for past

gene therapy trials, four prominent vectors are used in therapies today: adenovirus,

retrovirus, lentivirus, and adeno-associated (AAV) virus.

The adenovirus is historically the most used viral vector for gene therapies,

accounting for 30% of all viral vector clinical trials[25]. As a medium-sized virus,

the adenovirus genome contains ∼36 kb of double stranded DNA, although only

about 8 kb can be used to package desired DNA with the remaining space occu-

pied by genes that are important for transcription and virus integrity[43]. Amongst

the popular viral vectors, adenovirus carries the largest payload of DNA[75]. It
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Figure 1: Overview of Popular Viral Vectors. Vector choice depends on a
variety of factors including immunogenic host response, entry into cells,
genome integration, and packaging size. Larger icons indicate larger
packaging capability. The adenovirus can package just over 8 kb of non-
endogenous DNA and transduce all cells, however its expression is tran-
sient and it produces a large host immune response. The γ-retrovirus can
package around 8 kb of non-endogenous RNA and will achieve stable
expression due to genome integration, however it will produce a host
immune response and can only transduce actively dividing cells. The
lentivirus can package around 8 kb of non-endogenous RNA, transduces
all cells, and usually does not promote a host immune response. Its ex-
pression is stable, but it inserts its viral genome into the host genome at
random loci. The AAV generally does not promote a host immune re-
sponse and readily transduces most cells. It is the smallest of the popular
viral vectors, packaging under 5 kb of non-endogenous DNA, and expres-
sion is transient in quickly dividing cells.
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can transduce both actively dividing and non-dividing (quiescent) cells[1]. The

adenovirus does not integrate into its host genome, existing in the cell as a non-

replicating episome, and therefore the expression of its therapeutic is transient in

dividing cells (as the episome is diluted)[8]. The biggest disadvantage to the aden-

ovirus is its highly immunogenic nature[75]. Adenoviral vectors have largely been

replaced by other, less immunogenic vectors, however it is currently popular in

cancer clinical trials[19, 26].

Retroviral vectors have accounted for 27% of all viral vector clinical trials[25].

The widely used γ-retrovirus vectors can package ∼8 kb of RNA. Retroviruses in-

tegrate into host genomes, therefore enabling stable expression of a transgene[10].

The insertion location is random, however, which may lead to oncogene activation[37].

Additionally, γ-retroviruses can only transduce actively dividing cells, which limits

their utility for targeting cells or tissues that do not replicate often[43].

The lentivirus, whose vectors are often based on the HIV-1 virus[75], has be-

come an increasingly popular in current trials. While only about 9% of all his-

toric viral gene therapies used a lentiviral vector, in 2016 it comprised of 24% of

all recorded trials[25]. A variety of sources differ on the payload capacity of the

vector[70, 72], but a consensus is that robust packaging tends to occur when RNA

is be less than 8 kb[2]. Although a subclass of retrovirus, lentiviral vectors can

transduce both dividing and non-dividing cells[1]. Furthermore, these vectors do

not produce a large immune response[75]. As lentivirus contents are inserted into

the host genome, their stable expression is at the expense of the risk for oncogene

activation[70, 75].

Lastly, the AAV has also increased in usage as a vector over the years. While

accounting for 10% of all historic viral gene therapies, AAV vectors were used in

23% of all 2016 trials[25]. The AAV vector, the focus of the research in this thesis,

is further described in the following section.

1.1.2 Adeno-associated Virus (AAV) Vectors

AAVs have become an increasingly popular choice of vector in viral gene thera-

pies, as some of its most desirable features include its low human pathogenicity,

its ability to transduce both dividing and non-dividing cells, and non-replicative
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nature[32]. Additionally, another appeal is that engineered vectors have ensured

that the AAV will not integrate into the host genome, due to its removal of the viral

rep genes[43]. There are two main drawbacks for AAVs. First, the AAV has a

small payload capacity. At less than 5 kb per virus, the AAV is the smallest of all

highly used viral vectors for gene therapies[70]. Second, AAV episomes are lost

over cell divisions[1].

There are nine main serotypes of the AAV that can infect human cells[85], and

each enter a subset set of cells with greater specificity than others due to differences

in capsid structure[82]. While the AAV2 serotype has been the most widely stud-

ied, it transduces cells slower and is less efficient than most other serotypes[85].

More recently, hybrid systems, usually made by combining viral capsid proteins

to create mosaic capsids, allow for a greater range of specific cell types to be

targeted[5]. Proper AAV serotype selection is important for the design of thera-

pies. For example, AAV9 is efficient at targeting neurons in cells of the central

nervous system (CNS)[67], while AAV2 is still the vector of choice for targeting

cells in the kidney[82].

In order to deliver a therapeutic of interest, the vector offers little room for

the inclusion of other genomic elements. An AAV must include inverted terminal

repeats (ITRs) at the 5’ and 3’ end of their genomes, followed by a promoter, a

transgene, and a polyadenylation sequence (e.g. simian virus 40 late)[32]. As

AAV serotypes are similar in their packaging capacity, to allow larger transgenes

most studies utilize small, ubiquitous promoters, such as the approximately 500

base pair sized CMV[33] and CAG[56] promoters. Thus AAV vectors will express

in off-target cells, which may not be appropriate for all therapeutics.

To achieve the highest and most specific therapeutic effects, the designers of

new therapies must therefore consider carefully both the capsid (serotype) and pro-

moter properties. By optimizing the capsid properties of viruses, one can bias the

uptake of the therapy to certain cell types, and much research is currently address-

ing this mechanism[5, 85]. However, there have been calls to incorporate more

selective regulatory sequences controlling the transcription of the therapeutic gene.

This thesis focuses on this opportunity to improve the delivery of gene therapy by

designing these promoter sequences.
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1.2 Regulatory Elements
Great progress has been made in understanding the mechanisms which regulate

mammalian gene transcription. As a basic model, the RNA Polymerase II com-

plex (RNAPII), which is required to transcribe gene DNA into messenger RNA

(mRNA) must assemble on DNA before a gene. This region overlapping transcrip-

tion start site(s) (TSSs) is called a promoter region. Other elements that affect the

rate of transcription enable recruitment of other factors necessary for the forma-

tion (or obstruction) of RNAPII. Such regions have been labeled ‘enhancers’ (or

‘silencers’). Both promoters and enhancers contain short elements to which DNA

binding proteins, called transcription factors (TFs) can bind in a sequence specific

manner. Characteristics of these regulatory features are further described below.

For clarity, TFs are a broad category of proteins, of which only a subset exhibit

sequence-specific DNA binding, but within this thesis TFs will refer specifically to

this subset. An overview of regulatory elements and profiling methods is shown in

Figure 2.

1.2.1 Promoters

In eukaryotes, promoters are regulatory DNA sequences proximal to the 5’ end

of genes and are important in the initiation of transcription from DNA to RNA.

All gene promoters include one or more TSSs, where the DNA first starts to be

transcribed by a RNA Polymerase complex[34]. Promoters contain TF binding

sites necessary for the recruitment/assembly of RNA polymerase complexes. Cer-

tain genes are regulated by multiple promoters and TSSs, often in cell-type or

developmental-type contexts[31].

A subset of promoters (24%) include a TATA-box feature[83], to which a com-

ponent of the RNAPII can bind. Many mammalian promoters (∼70%) overlap

CpG islands[83] (regions in which CpG dinucleotides have been retained over evo-

lution at levels consistent with C and G mononucleotide frequencies, reflecting a

lack of methylation of CpGs in promoter regions that promotes CpG elimination

over evolution). Some promoters combine both TATA-box and CpG islands, while

others have neither[74].

Over the past decade extensive profiling of the locations and activities of pro-
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Figure 2: Overview of Transcriptional Regulation Data. Within this the-
sis, diverse types of experimental data are used to assist in the selection
of cis-regulatory regions involved in the transcriptional regulation of gene
expression. The figure highlights promoters (form which RNA production
initiates) and enhancers (regions which modulate the activity of promot-
ers). Types of experimental techniques used to collect data about the lo-
cations of cis-regulatory regions and the regions within which regulatory
regions act are depicted.
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moters has been performed. While original definitions of promoters highlighted

a directionality to them, recent studies have shown that many promoters direct

bidirectional transcription production (albeit most (90%) of these are still prefer-

entially expressed in one direction)[76]. These bidirectional promoters are usu-

ally overlapped with CpG islands, and are depleted of TATA-boxes[76]. Bidirec-

tional promoters that do not produce functional mRNA products in both direc-

tions generally produce promoter upstream transcripts, away from the 5’ end of

the gene[57]. These transcripts are short, and are generally sensitive to exosome-

mediated decay[61].

The fact that promoters can produce bidirectional transcripts contributes to an

emerging viewpoint in which promoters and enhancers (discussed below) are rec-

ognized as two ends of a continuous spectrum rather than as completely discrete

categories.

1.2.2 Enhancers

Enhancers are DNA sequences that act upon promoters to modulate the pattern and

magnitude of transcript production. Enhancer regions are composed of a mixture

of TF binding sites[50]. Some of the bound TFs help recruit RNAPII proteins,

or maintain chromatin (the material of which chromosomes are made, consisting

mostly of DNA, RNA, and proteins) characteristics that are favorable or unfavor-

able for RNAPII recruitment, which ultimately influences the rate of transcriptional

initiation[3]. Enhancer sequences can be found upstream, downstream, or within

exons and introns[59]. Often, enhancers affect multiple genes, and most genes are

affected by multiple enhancers[59]. Enhancers are often implicated in cell-specific

transcription, although ubiquitous enhancers can be extensive[84].

Until recently, enhancers were distinguished from promoters in two ways -

first, promoters were locations at which RNA transcripts were initiated, and sec-

ond, promoters were directionally dependent and enhancers were not. With further

study, the distinction between enhancers and promoters has become increasingly

blurry[3]. Although conceptually different, enhancers share many properties with

promoters. They are capable of being transcribed by RNAPII, producing short

enhancer RNA (eRNA) transcripts[59]. This transcription is performed in a bidi-
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rectional manner. Much like the promoter-upstream transcripts, eRNAs are short-

lived, highly sensitive to exosome-mediated decay[3]. To further support the view

that promoters and enhancers are ends of a continuum, recent studies have shown

that at least a subset of promoters can function as enhancers in enhancer activity

assays[3].

In the context of this work, we classify regulatory elements as either promot-

ers or enhancers, despite the emerging biochemical data. Here, promoters con-

tain TSS(s) for a gene of interest. Enhancers are defined as cis-regulatory regions

(identified based on specific properties discussed below) that modulate the rate of

transcription initiation from promoters.

1.3 Profiling Methods for Annotating Regulatory
Properties

Since the completion of the human reference genome, current research attention

has focused on its annotation. As up to 98% of the genome appears to be primarily

involved in the control of gene expression, the annotation of regulatory sequences

(i.e. promoters and enhancers) and chromatin modification properties (discussed

below) has been given particular attention. Innovative high-throughput profiling

technologies and new computational methods have proliferated, each providing

insights into aspects of regulation.

1.3.1 TSS and Enhancer Identification

Promoter and enhancer localization is one of the main objectives of genome an-

notation efforts. With the completion of the human genome project and the refer-

ence genomes, locations of protein coding and non-coding RNA genes have been

mapped, largely due to RNA sequencing (RNA-seq). However, the exact locations

of transcript starts have long been ambiguous, as RNA-seq preferentially captures

mature mRNAs. New technologies, such as Cap Analysis of Gene Expression[71]

(CAGE) and Global Run-On Sequencing[21] (GRO-seq), have been developed in

order to capture the capped 5’ ends of RNA transcripts. These capped RNAs relate

not only to mRNAs, but also to eRNA products. The newer GRO-seq technique,

although more sensitive to easily degraded transcripts such as many eRNAs, is an
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expensive and time-consuming procedure[66]. As only a small number of datasets

are available in few cell lines, we focus on CAGE as the primary source of capped

transcript identification.

First introduced in 2003 by Shiraki et al.[71], CAGE technology captures the 5’

end of mRNA transcripts (that is–the capped portion of the mRNA) at a given time-

point. These trapped ends, called tags, are sequenced and mapped back to a refer-

ence genome, delineating the specific TSS from which each mRNA transcript was

produced. Efforts largely through the Functional Annotation of the Mammalian

Genome (FANTOM) consortium (http://fantom.gsc.riken.jp/) have been able to col-

lect large amounts of CAGE data across every major human organ. In this capac-

ity, it is possible to obtain a quantitative snapshot of the human transcriptome in

cell and tissue-specific contexts. At the time of publication of the consortium’s

fifth project (FANTOM5)[45], samples from 573 primary human cells, 152 human

post-mortem tissues, and 250 cancer cell lines have been used to generate CAGE

data and describe gene TSSs and their strengths[31]. The FANTOM5 CAGE data

provides TSS locations and relative strength for 91% of protein coding genes (or

94% using a more permissive threshold).

Furthermore, due to the nature of the CAGE protocol, it can also be used to

capture eRNAs, as many are capped at their 5’ ends. The FANTOM5 project iden-

tified over 43,000 enhancers from 808 samples based on eRNA positions[4]. Many

of these CAGE-identified enhancers showed expression in a cell type-specific man-

ner, and a small portion expressed in a ubiquitous fashion.

1.3.2 Transcription Factor Binding

TFs are DNA-binding proteins that are involved in regulation, either by promoting

or repressing transcription of genes to RNA. Activator TFs are able to recruit the

RNA polymerase complex (usually with the help of other coactivator proteins or

other TFs), while repressor TFs work to block RNA polymerase from initiating

transcription[35]. TFs bind to both promoter and enhancer regions. Some TFs are

present in all cells and are required for basic transcription. These TFs are often

present in promoter regions at ubiquitous enhancers. The TATA-binding protein

TF, for example, binds to TATA-box-like sequences on DNA, located upstream of
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gene TSSs in about a quarter of human genes[55]. Other TFs are only present

in specific types of cells or are active only at certain developmental timepoints.

The GATA binding protein 2 (GATA2), for example, plays a key role in regulating

hematopoietic stem and progenitor cells[65], whereas the SRY-box 2 (SOX2) is

essential for maintaining stem cells in the CNS[6].

The Encyclopedia of DNA Elements (ENCODE) project[28, 29] is a public

repository amassing data informative of regulation. A large part of the ENCODE

project holds information on hundreds of TFs and where they bind to DNA in a

variety of primary cells, tissue samples, and immortalized cell lines. Almost all

of this data comes from ‘ChIP-seq’ experiments. Chromatin immunoprecipitation

(ChIP) has become a standard technique to locate DNA-binding proteins within a

cell of interest. As described by Mundade et al.[53], protein-DNA interactions are

subjected to crosslinking; DNA is sheared and immunoprecipitation is performed

with antibodies targeting TFs or other DNA-bound proteins. The recovered DNA

can be sequenced to identify where in the genome the protein of interest pref-

erentially binds; high-throughput DNA sequencing-based approaches are referred

to as ChIP-seq[68]. As recovered DNA fragments are enriched at specific loci,

peak-calling algorithms determine the general area in which the original protein

was bound. Once a large set of DNA sequences bound by a TF are determined,

computational models can be generated to detect the specific DNA sequence pat-

terns to which the TF preferentially binds. Databases such as JASPAR[52] contain

collections of these predictive TF binding models.

1.3.3 Histone Modifications

Histones are proteins around which DNA can be coiled in order to package large

genomes into cell nuclei. A nucleosome is the core unit of chromatin, which con-

tains 8 histone proteins and is looped twice by DNA[3]. Individual histones are

subject to diverse post-translational modifications. The covalent attachment of dif-

ferent molecular groups to specific amino acids on specific histones can alter the

structure of chromatin in the nucleus. These modifications ultimately lead to the

remodelling of chromatin, where chromatin that becomes more loosely packed be-

comes more accessible to DNA-binding proteins and ultimately favours gene tran-
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scription.

While histones may undergo numerous types of modifications (such as phos-

phorylation and ubiquitination), arguably histone methylation and acetylation have

been the most extensively studied[7]. Similarly, while multiple amino acids present

on the histones may be modified, lysine (K) residues have been the most informa-

tive of gene regulation[29]. The addition of one or more methyl groups can be

a sign of transcriptional activation or repression. For example, the tri-methylation

(Me3) at lysine 9 (K9) on histone H3 (together, labeled as H3K9Me3) is associated

with repetitive elements and the formation of heterochromatin, while H3K4Me3

marks regions proximal to TSSs[7]. Acetylation (Ac) of lysine residues tradition-

ally indicative of active transcription. The H3K27Ac modification marks active

(as opposed to poised) regulatory regions[29]. These patterns or trends of histone

modifications are observed in certain functional regions, although functional re-

gions can be found lacking such marks, and conversely such marks can be found

in other regions of the genome.

Histone modifications can be detected by ChIP-seq[53]. Such experiments

have been conducted in various cell lines and primary tissues, and are available

in repositories from large projects such as ENCODE[28, 29] and Roadmap[64].

1.3.4 Chromatin Accessibility

In general, the more tightly chromatin is packed, the more likely DNA is not be-

ing actively transcribed[35]. Chromatin remodelling proteins can unwind sections

of DNA from the nucleosome complexes allowing for other DNA-binding pro-

teins to access these regions[47]. Often, the presence of TFs in a so-called ‘open-

chromatin’ regions is indicative of regulatory activity.

There are generally three common laboratory methods in use for detecting

open chromatin regions: DNase I hypersensitive sites Sequencing (DNase-seq),

Formaldehyde-Assisted Isolation of Regulatory Elements Sequencing (FAIRE-seq),

and Assay for Transposable Accessible Chromatin Sequencing (ATAC-seq). First

described in 2008[15], DNase-seq leverages the nuclease DNase I, which cuts

double-stranded DNA. The existence of DNase I hypersensitive sites (DHSs), nucleosome-

free regions of DNA, allows the DNA to be cut by the nuclease. These fragments
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can be amplified, sequenced, and mapped back to a reference genome. FAIRE-

seq[36] uses formaldehyde to crosslink proteins to DNA, and then DNA is sheared

via sonication. Fragmented DNA is then suspended in a phenol-chloroform so-

lution, which separates into an aqueous layer sitting atop an organic layer. DNA

linked to proteins will sink to the organic layer, where nucleosome-free regions

float into the aqueous layer. The sequencing step is similar to the DNase-seq

method. ATAC-seq[16], developed to require less cells and significantly reduce

experiment preparation time, uses a modified transposase to introduce adaptor

elements into nucleosome-free regions of DNA. Tagged DNA fragments can be

mapped back to a reference genome and and indicative of the transposase cut sites,

which have a preference for open-chromatin regions. All three methods produce

similar open-chromatin peak signals.

As the oldest method, DNase-seq data is the most represented form of chro-

matin accessibility data in ENCODE, however a large portion of the data were pro-

duced from immortalized cell line samples (as opposed to primary tissue). There

are far fewer ATAC-seq datasets, although all of these data have been created be-

tween June 2016 and March 2017, and are highly biased towards human tissues.

FAIRE-seq datasets are limited within ENCODE, but contain a mix of immortal-

ized cell line samples and primary cell samples (https://www.encodeproject.org/

matrix/?type=Experiment).

1.3.5 Topologically Associating Domains

Another important consideration in regulation is the 3D structure of chromatin.

Intuitively, DNA regions in close proximity will be more likely to interact with

one another. In 2012, Dixon et al.[24] coined the term topological domains (and

later changed to topologically associating domains (TADs)), which are generally

megabase-sized genomic regions of highly interacting regulatory elements. TADs

have been found in both mice and humans covering similar genomic regions, and

are therefore thought to be conserved among mammals. Similarly, the analysis

of several tissues, primary cells, and cell lines show that most TADs overlap the

same genomic regions, indicating that TADs tend to be consistent across tissues.

Studies have shown that abnormalities in TAD boundaries or the rearrangement
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of genes within them plays a role in several disease phenotypes[46], potentially

indicating a disruption of interactions between regulatory regions and the intended

target genes. It has therefore been proposed that most regulatory regions and their

target promoter(s) will be co-localized within the same TAD.

TAD discovery is mostly achieved using a technique called high-resolution

chromosome conformation capture (Hi-C)[77]. Cell DNA is crosslinked forming

bonds between proximal chromatin regions. These linked regions are then lig-

ated together and then sheared, resulting in fragments of DNA that were originally

linked. DNA ‘reads’ are sequenced and mapped, allowing for the determination

of which genomic regions have been interacting. Boundaries of TAD regions are

detected at positions where the number of interactions drops[24]. Analysis of the

TAD boundaries have shown to be enriched in binding sites for the CCTC-binding

factor (CTCF) which is known for being largely involved in chromatin looping[24].

1.3.6 Computational Predictions of Regulatory Elements

Although the previous types of data are indicative of regulatory regions, it is both

time-consuming and expensive to conduct experiments across all cells and tissues

of interest, and to confirm the functional roles of DNA segments. However, due

to the vast amounts of data now compiled, computational methods have been de-

veloped for more comprehensive labelling of regulatory regions. Two of the most

popular methods, ChromHMM and Segway, can now be used independently or

in conjunction to provide unsupervised machine-learned genome-wide predictions

informative of regulatory potential.

First published in 2012, ChromHMM[30] uses histone modifications and CTCF-

bound regions from ENCODE as primary input, as these are known to be associ-

ated with different forms of regulation. Segmentation analysis is performed using

a multivariate Hidden Markov Model, assigning each segment of the genome into

one of ten states (including active and inactive promoter regions, enhancer regions,

insulator regions, transcribed regions, and repressed regions). Segway, similarly

published in 2012[41], uses a dynamic Bayesian network to generate genome states

(also ten). It factors in chromatin accessibility, certain TF binding peaks, as well

as histone modifications into its predictions.
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Both ChromHMM and Segway can be used to predict regulatory regions using

any supplied genomes containing data from various histone modifications, chro-

matin accessibility and TF ChIP-seq peaks. Pre-computed predictions are avail-

able from the University of California, Santa Cruz (UCSC) Genome Browser[44]

for six cell lines profiled extensively in the ENCODE project.

1.4 Preceding Work: Compact Promoters for Gene
Delivery

It has long been known that external DNA can be introduced into cells in a specific

manner. Transgenic mice, for example, can be generated with non-endogenous

DNA by injecting the DNA of interest into embryos. This research has played

a large part in human disease discovery and therapeutics. One such endeavour

was the Gene Expression Nervous System Atlas (GENSAT) project[39], where

researchers studied thousands of genes across the CNS through the insertion of

bacterial artificial chromosomes (BACs). These BACs, often containing 100-200

kb of mouse DNA, can reproduce endogenous gene expression. However, within

the gene of interest on the BAC, a reporter gene was placed after the target gene’s

coding start (ATG) sequence. By visualizing the co-expression of the reporter pro-

tein and endogenous protein, these BACs ensured the gene and all of its necessary

regulatory regions could recapitulate the expected expression pattern.

The transgenic approach with long DNA sequences allows recapitulation of en-

dogenous gene expression patterns, but the use of such long sequences is not ther-

apeutically relevant because delivery is not feasible. Delivery by a small particle,

such as a virus, restricts the amount of DNA that can be included[37]. There has

been success with using small, ubiquitous promoters in viral gene therapy. While

there have been numerous transgenic studies in which shorter DNA segments drive

specific patterns of gene transcription, the use of compact selective promoters in

gene therapy is just starting[49]. Notably, a trial to treat individuals with Leber

congenital amaurosis-2, a childhood eye disorder that leads to blindness, used a

1,400 bp sequence from the RPE65 gene within a AAV2 vector to drive selective

expression of the RPE65 protein[20].

Our lab has been pursuing the development of sets of compact promoters suit-
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able for selective patterns of gene delivery. The systematic design of MiniPro-

moters (human regulatory sequences of ∼4 kb or less, which promote cell type

and tissue-specific expression) was first described by Portales-Casamar et al. in

2010[60] and in a follow-up study by de Leeuw et al. in 2014[22]. The goal was to

identify human cis-regulatory regions (RRs) in genes targeting the CNS. This ap-

proach was based primarily on the identification of non-coding, highly conserved

genomic regions closeby a gene of interest. TF binding site predictions were gen-

erated across these conserved regions, and used to suggest functional roles for TFs

relevant to CNS regions of interest. These regions of interest were fused with pro-

moter regions of the same gene, and the resulting MiniPromoters were assessed in

transgenic knockin mice using a procedure that placed the MiniPromoters and a

reporter gene at a specific location on the X-chromosome.

This primary work was the basis for the 2016 paper by de Leeuw et al.[23],

who began to use MiniPromoters packaged in recombinant AAV2/9 hybrid vec-

tors. Many tested MiniPromoters were those found to express in the previous trans-

genic mouse initiatives. Newly designed MiniPromoters defined RRs similarly to

methods described above, but also included the use of DHSs, TF ChIP-seq peaks,

regions of specific histone modifications, regions of high conservation. Hickmott

et al.[40] used the newer MiniPromoter design strategy to find RRs for the PAX6

gene. This paper introduced the use of TADs to constrain the search space for RRs.

It also introduced the use of CAGE data for identifying TSSs, which resolved ambi-

guity of choosing an appropriate promoter RR in the case of genes having multiple

transcripts.

1.5 Hypothesis
Compact cis-regulatory sequences can be computationally designed based on an-

notated properties of the genome that overlap designs generated by human experts

in a painstaking and time consuming process. Further, the use of annotated prop-

erties relevant to the tissue of desired expression will improve automated design

success. Based on these hypotheses, I have taken the following approaches in this

thesis to establish and assess a semi-automated bioinformatics procedure for the

design of compact promoters for use in AAV-based viral vectors. I manually de-
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signed a set of MiniPromoters based on sets of regulatory features, with the goal

of defining a reference set of designs against which a semi-automated procedure

could be assessed. A subset of these were tested through in vivo experiments in

mice. I then designed a semi-automated approach inspired by the manual design

process, amalgamating thousands of experiments informative of genome regulation

in cell-specific contexts in order to predict key RR consistent with the qualitative

assessments of a trained designer. From here, I validated the capacity of the semi-

automated procedure to reproduce the bespoke designs.
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Chapter 2

Methods

2.1 Data
All datasets used in the manual design MiniPromoters as well as the automatic

regulatory region identification were previously published and are available pub-

licly. The CAGE datasets (TSS annotations and enhancer annotations) and on-

tology were obtained from the FANTOM5 consortium[4, 45]. Hi-C, TF ChIP-

seq, histone modifications, DNase-seq, and FAIRE-seq data were obtained from

the ENCODE project[28, 29]. Additional TF histone modification and DNase-seq

data were obtained from RoadMap[64]. Additional Hi-C data was obtained from

GEO (accession number: GSE87112). Gene annotations from RefSeq[58, 62],

ChromHMM[30] and Segway[41] chromatin states, repeat regions identified with

RepeatMasker[73], and PhastCons and PhyloP (http://compgen.cshl.edu/phast/)

scores were obtained from the UCSC Genome Browser[44] tables. All data were

based on the hg19 reference human genome.

Eight bespoke MiniPromoters (Ple360, Ple366, Ple367, Ple368, Ple370, Ple371,

Ple372, Ple373) were designed to include sequences contained within previously

published reporter gene-containing BAC constructs (RP24-269I17, RP23-234I17,

RP23-440L10, RP24-98L14, RP23-281A14, RP24-260F14, RP23-305H12, and

RP24-285B17, respectively). This mouse BAC data was obtained from GENSAT[39]

and Mouse Genome Informatics (MGI)[12]. The published reporter gene activity

indicated that the BAC region contained sufficient and proper cis-regulatory ele-
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ments to drive endogenous gene expression.

2.2 Bespoke MiniPromoter Construct Design
The bioinformatics for MiniPromoter and RR design has been described[23, 40].

Briefly, this process involves the selection of a gene of interest, specification of a

promoter region, and in a subset of cases the selection of one or more enhancer

regions. All genes selected for MiniPromoter design must include a TSS that

is supported by experimental evidence indicating gene expression in a relevant

cell or tissue. TSS identification is based on CAGE data. CAGE reads were ex-

tracted for each TSS of each gene using the Zenbu browser (for visual compar-

ison, http://fantom.gsc.riken.jp/zenbu/) or the SSTAR view (for numerical com-

parison, http://fantom.gsc.riken.jp/5/sstar/). TADs were used to delineate bound-

aries within which searches for RRs were constrained. A consensus TAD region

was determined visually by taking the overlap between TAD data from a H1 hu-

man embryonic stem cell line and the IMR90 (lung fibroblast) cell line therefore

creating a consensus TAD. In certain cases, relevant mouse BACs were used to

narrow this search space, if the reporter gene co-expressed with the endogenous

protein in published studies. The BAC coordinates were then converted from

mouse into human coordinates using the UCSC Genome Browser LiftOver tool

(https://genome.ucsc.edu/cgi-bin/hgLiftOver).

RR identification was based on visual assessment of data (see above) displayed

within the UCSC genome browser, including the following tracks: RefSeq genes,

FANTOM5-identified enhancers,TF ChIP-seq peaks, DNaseI hypersensitive clus-

ters, histone modification marks, computational predictions from ChromHMM/Seg-

way, multi-species conservation, and RepeatMasker. RefSeq genomic annotations

were reviewed to ensure all RRs excluded known open reading frames or splice

sites. A set of 32,693 FANTOM5 enhancers included within SlideBase (from the

original 65,423 FANTOM5 set; http://slidebase.binf.ku.dk) were included. ChIP-

seq experiments provided by ENCODE were limited to a set of 161 TFs that in-

cluded Factorbook motifs[78, 79]. While the DHS experiments were performed

on 125 cell lines (ENCODE V3), the data was used to predict which areas of the

genome would be more likely to be open regardless of cellular context as well as
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areas open in only specific types of cells. H3K4Me1 and H3K27Ac were used to

identify both active and poised RRs. Combined ChromHMM/Segway predictions

across six common cell lines were used to identify insulated (CTCF) regions of

the genome, in order to constrain the RR search region. Two types of conservation

tracks were used: the 100-vertebrate base pair-conservation track by PhyloP score

(to identify non-exonic genomic regions indicative of important genomic elements

without introducing a large bias based on more closely-related primate species) and

the Multiz Alignments[13] of the rhesus and mouse genomes (under a hypothesis

that conserved sequence would increase the likelihood that designs using human

sequence would be functional in subsequent in vivo analyses in mouse and rhesus).

The RepeatMasker track was used to remove RRs that contained short interspersed

nuclear elements (SINEs), long interspersed nuclear elements (LINEs), and long

terminal repeats (LTRs).

RR boundaries were chosen qualitatively based on amount and types of overall

evidence present in the search space. It was determined that regions which over-

lapped large amounts of TFs, DHS clusters, and had high H3K27Ac activity were

marks of general, ubiquitous enhancers. Many of the self-identified cell-specific

enhancers were enriched in specific TFs known to be present in the cell-type of

interest, were regions of high conservation, contained a FANTOM5 enhancer that

was linked to a TSS present in the promoter RR, or a combination of these fea-

tures. Boundaries were chosen conservatively, constraining RRs to contain the

most overlap of chosen features, in order to minimize the size of each region.

2.2.1 RR Selection

Identified candidate regions were presented to a team of scientists for considera-

tion. Each presented RR had to contain one or more forms of evidence mentioned

in the previous section. These regions were then ranked based on their perceived

likeliness to be an enhancer–either ubiquitous or in a cell specific manner. Other

factors contributing to RR selection included region size, past description in pub-

lished literature, or similarity of features to the selected promoter sequence. In

total, the selected promoter and any additional RRs could not be more than 2.7 kb

in size due to the AAV payload restriction.
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2.2.2 MiniPromoter Assembly

MiniPromoter RRs were assembled in the 5’ to 3’ direction. If the RR was located

endogenously on the antisense strand, the reverse complement of the RR sequence

was used. Promoter RRs were always placed at the most 3’ end of the MiniPro-

moter designs. Enhancer RRs were added where the more distal upstream RRs

(from the endogenous promoter RR) were placed closest to the 5’ end of the con-

struct. Additionally, all RRs located endogenously downstream of the promoter

were placed at the 5’ end, regardless if the region was more proximal than an up-

stream RR. Finally, the addition of two restriction enzyme sites were added to the

5’ (Fse recognition sequence) and 3’ (AscI recognition sequence) ends of the con-

struct in order to properly clone the MiniPromoter sequence into a vector plasmid.

2.3 Experimental Validation of MiniPromoters
Virus production, injections into mice, mouse harvesting, immunostaining, and

imaging methods have been previously described by de Leeuw et al., with the fol-

lowing amendments: Only wild type mice were used for testing MiniPromoters,

with the virus injected into the superficial temporal vein of mice at two time points

(either postnatal day 0 or postnatal day 4). These dates were chosen based on op-

timal injection time point studies by Byrne et al. Control mice were injected with

3.3×1012 vg/mL (viral genomes per milliliter). Mice were harvested 4 weeks post-

injection (at time points P28 or P32). In addition to retaining the brain, eyes, spinal

cord, and heart for image analysis, the liver and pancreas were also studied. All

other methods (virus preparation, animal injections, and fluorescent imaging pro-

cesses) were performed using the procedure outlined for emerald green fluorescent

protein (EmGFP) constructs in de Leeuw et al.

For the study of two viruses containing MiniPromoters targeting the corneal

epithelium (based on the KRT12 gene), a different protocol was followed. Both

viruses were of AAV9 serotype, and each contained one of three different pro-

moters (outlined below) to express the EmGFP transgene. All injections were

performed intrastromally on adult mice (ages ranged between 2-4 months). In-

jections were all 2µL, and contained 5× 1012 vg/mL and a 1:20 dilution of stock

of FluoSpheres. Left eyes of nine mice were injected in this study; three eyes
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were injected for each type of virus created for this experiment. All uninjected

(contralateral) eyes were used as negative controls.

Three eyes were injected intrastromally for each construct, including the ubiq-

uitous small chicken beta actin (smCBA) promoter, Ple326 and Ple334. Tissues

were harvested 6 days post-injection. All eyes (injected left eyes and uninjected

right eyes) were embedded in Tissue-Tek O.C.T. compound and sectioned at 20µm

on a Microm HM550 cryostat. A subset of these section (generally 2-4 sections per

experiment) were pressed, and rinsed in 0.1M phosphate buffer saline (PBS) twice,

for five minutes each. After rinsing the sections for five minutes in 0.1M PBST

(PBS + Triton X-100), they were blocked for 30 minutes before being incubated

overnight at room temperature in a primary EmGFP antibody stain (at a 1:500 dilu-

tion). The following day, the sections were rinsed again in 0.1M PBST three times

for ten minutes. Sections were then additionally incubated and stained with a sec-

ondary antibody (Alexa448 conjugated antibody at 1:1000 dilution) and co-stained

with Hoechst33342 dye (at 1:1000 dilution) for one hour at room temperature. Fi-

nally, all sections were washed in a 0.1M phosphate buffer (PB) three times for ten

minutes and in 0.01M PB for ten minutes, and were mounted with ProLong Gold

Antifade Mountant. All stained sections were then imaged at three different colour

channels (DAPI–blue, for Hoechst; TXRED–red, for FluoSpheres; FITC–green,

for EmGFP) on an Olympus BX61 fluorescence microscope through the software

cellSens at either 10x or 20x magnification. Each image was further processed into

composite and single-colour TIFF images using the freeware program ImageJ and

its Bio-Formats plugin.

2.4 Semi-automated RR Selection

2.4.1 Promoter Selection

Importantly, each defined promoter RR must contain at least one TSS. After re-

ceiving a valid HGNC gene name, OnTarget retrieves each identified FANTOM5

TSS stored in its underlying database (where each TSS is required to have at least

one tag in at least one sample, out of 1,829 possible samples). Each TSS is then

extended in both the upstream and downstream direction in order to achieve a min-
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imal promoter length.

Downstream, each sequence is extended until one of the following conditions

are met:

1. If a TSS is located before the annotated gene start and

(a) if the annotated coding start site (CDS) is not in the first exon, the TSS

will be extended through until the end of the first exon, minus a splice

site offset (default of 10 bp);

(b) if the annotated CDS is in the first exon, the TSS will be extended

through until the CDS, minus a KOZAK sequence offset (default of 10

bp);

2. If a TSS is located within an exon before the annotated CDS and

(a) the CDS is not located in the same exon, the TSS will be extended

through until the end of the exon, minus the splice site offset;

(b) the annotated CDS is in the same exon, the TSS will be extended

through until the CDS, minus a KOZAK sequence offset;

3. If a TSS is located within a gene intron before the annotated CDS and

(a) the annotated CDS is not in the following exon, the TSS will be ex-

tended through until the end of the following exon, minus the splice

site offset;

(b) the annotated CDS is in the following exon, the TSS will be extended

to the CDS, minus the KOZAK sequence offset;

4. If the TSS is in an intron downstream of the annotated CDS, the TSS will be

extended through until the end of the following exon, minus the splice site

offset;

5. If the TSS is in a coding exon, the TSS will be extended until the end of the

exon, minus the splice site offset.
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This downstream expansion is then tested for unwanted elements, such as ATG

sequences (which could create possible ORFs) or other FANTOM5 annotated (un-

extended) TSSs. The extensions are trimmed to no longer include any of these

unwanted elements. In the case of ATG sites, these are only trimmed if they fall

within the annotated gene area.

Upstream, each TSS is extended until one of the following conditions are met:

1. If the TSS is located before the annotated gene or within the gene but before

the annotated CDS in the first exon, and

(a) there is another annotated FANTOM5 TSS (unextended) further up-

stream, the TSS will be extended until 1 bp before the closest upstream

TSS;

(b) there is no other FANTOM5 TSS further upstream, the TSS will be

extended until the Phastcons conservation score falls below a threshold

(default 60%);

2. If the TSS is located within an exon and

(a) there is another annotated FANTOM5 TSS (unextended) further up-

stream within the same exon, the TSS will be extended until 1 bp before

the closest upstream TSS;

(b) there is no other TSS within the same exon, the TSS will be extended

up until the start of the exon, excluding nucleotides within the splice

site offset;

3. If the TSS is located within an intron and

(a) there is another annotated FANTOM5 TSS (unextended) further up-

stream within the same intron, the TSS will be extended until 1 bp

before the closest upstream TSS;

(b) there is no other TSS within the same intron, the TSS will be extended

up until the start of the intron, excluding nucleotides within the splice

site offset
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Each minimal promoter is returned to the user, where it is possible to combine mul-

tiple promoters into an extended promoter RR. This can be done as long as each

minimal promoter neighbours another desired minimal promoter without overlap-

ping splice and KOZAK sites.

2.4.2 Enhancer Selection

An enhancer RR is described as a region lacking any annotated FANTOM5 TSSs.

For a given search space, RRs are selected based on the overlap of regulatory fea-

tures. An underlying feature matrix and weighting vector defines boundaries and

provide each RR with a score. The higher scoring regions contain the most in-

formative data indicative of regulation. The procedure with default settings (all of

which can be adjusted) is described below.

The underlying Data Repository of OnTarget stores cell or tissue type-specific

data for the following features:

1. Hi-C TAD datasets from 33 cell lines and tissue samples: As this is our

smallest data-set, often all TADs are taken into consideration, and the con-

sensus TAD is chosen for delineating a search space.

2. 1,284 TF ChIP-seq experiments that cover 145 primary cell/tissue types and

cell lines: When creating ubiquitous RR profiles, each TF track is condensed

into a single vector based on presence or absence, and can be cell type spe-

cific or agnostic. These vectors are then summed into one consensus TF

vector.

3. Chromatin accessibility data based off DNase-seq and FAIRE-seq in 301 pri-

mary cell/tissue types and cell lines: Should a specific cell type be unavail-

able, accessibility data across all datasets are used as a consensus tracks.

4. Histone modification data for 33 histone modification signatures in 197 pri-

mary cell/tissue types and cell lines: When a specific cell type is unavailable,

data across all datasets for a specific histone and modification are used as a

consensus tracks. We primarily focus on H3K27Ac for regions indicative

of active enhancer elements. H3K4Me2 marks are also considered, however
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this repressor mark is negatively associated to expression and is therefore

negatively affects RR assignment.

5. FANTOM5 experimental enhancers: certain enhancers show activity in a

variety of cell and tissue types, while others have not been shown to associate

to any particular location. These non-specific enhancers appear regardless if

a certain cell or tissue type is selected.

Additionally, we include the following cell-type agnostic datasets into the RR

identification pipeline:

1. Per-base conservation data across 100 vertebrates with PhastCons scores:

Unlike the other RR features where data is stored in BED files, PhastCons

nucleotide scores are implemented as a Wiggle track. This method is taken

from the UCSC Genome Browser method, which has used the the PHAST

package described online (http://compgen.cshl.edu/phast/).

2. Repeated elements from RepeatMasker: We consider 3 out of the possible

10 assignments from this data source. RRs overlapping SINE, LINE, and

LTR elements are excluded from further analysis.

Once appropriate cell type data is selected, the RR method begins by defining

a search space based on the TAD track. The chosen TAD is the one in which a

gene of interest is located. While TAD boundaries are the default search space for

each iteration of RR identification, this can be changed to a defined chromosomal

range or the intergenic region between the gene of interest and its closest up and

downstream annotated RefSeq genes.

A search space consists of a defined number of nucleotides n and default fea-

tures f . A [n× f ] feature matrix M is created and initiated with zeros in all cells.

As shown in Figure 3a, each cell of the matrix represents the presence (1) or ab-

sence (0) of a feature. M is then multiplied by a weight vector, of size [1× f ],

where each feature is assigned a default weight corresponding to its overall impor-

tance in RR identification. Selection of values for the weight vector is discussed in

the Results section. The columns of the new M matrix are summed, creating the

sum vector of size [n× 1]. Each position in the sum vector is then multiplied by
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individual mask vectors (also of size [n×1]). Mask vectors act as absolute features

that must be present or absent in each identified RR. Two default mask vectors are

the coding exon mask and the RepeatMasker mask. By default, coding exons are

excluded from RR identification, and are represented by 0s in the mask. Similarly,

SINE, LINE, and LTR elements receive a representation of 0 in this mask, in order

to exclude these regions from RR identification. By multiplying the mask vectors

to the sum vector results in the score vector S, which contains the final score of

each nucleotide in the search space (Figure 3b).

Segments of qualifying positions are reported when 10 or more contiguous

nucleotide scores pass the threshold (Figure 3c). This threshold is calculated from

the distribution of scores from each S vector. At each run, the score at the 99th

percentile is chosen. Regions scoring equal or above this threshold are reported as

RRs.

2.5 Validation of Semi-automated Design Performance
We evaluate OnTarget based on two expectations. First, we expect RRs identified

by using an accumulation of all data to be different than those identified by using

cell or tissue-specific data. Second, OnTarget should detect RRs from successful

bespoke MiniPromoter designs.

In my first experiment, I decided to use liver and hepatocyte datasets, as these

are the most abundant datasets among ChIP-seq (for TFs and histone marks) and

DHS experiments. No cell line data (i.e. HepG2 cells) were used in the cell-specific

analysis. I then chose two different TADs. One TAD (hg19:chr7:87,000,001-

87,802,064; an ∼800 kb region) contained the gene ABCB4, known to express

in the liver and hepatocytes. This gene was chosen by searching the Human Pro-

tein Atlas (http://www.proteinatlas.org/) for all genes that almost exclusively ex-

pressed both RNA and protein in the liver, across datasets from the Protein Atlas,

the Genotype-Tissue Expression project (GTEx: http://www.gtexportal.org/), and

FANTOM5. The gene GYS2 was originally identified for analysis as the first gene

to fit the criteria, although it was discarded because this was the only gene located

within its TAD. A similar selection process was chosen for a separate TAD. The

gene NOS1 was chosen using the same procedure, appearing in the set of genes
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(a) The OnTarget 0-1 matrix.

(b) Each nucleotide receives a score based on its features.

(c) Contiguous high-scoring nucleotides are reported back as regulatory regions.

Figure 3: Visual Representation of the OnTarget Selection Module. The top
UCSC data tracks allow for the visualisation of each feature correspond-
ing to one nucleotide. A. At each nucleotide position, a feature is either
present (represented by a 1), or absent (represented by a 1). B. After be-
ing multiplied by the importance weighting of each vector, all features are
summed, resulting in a final score for each individual nucleotide. C. Con-
tiguous high-scoring regions are reported as a potential regulatory region.
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listed as ’not expressed’ in all liver samples across the same three datasets. This

TAD (hg19:chr12:117,640,001-118,475,617; an ∼835 kb region) covers mostly

brain-expressing and housekeeping genes.

My second experiment used a subset of eye, brain, and neuron datasets, as our

bespoke MiniPromoters were used to target cells within the eye and brain. I tested

OnTarget for its capacity to predict the component regions of three MiniPromoter

constructs: one successful design, one unsuccessful design, and one design await-

ing testing.
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Chapter 3

Results

3.1 Bespoke Designs
Bioinformatics analysis procedures were established for the delineation of RRs in

human genes, which are described in the Methods. A total of 49 MiniPromoters

were designed based on detailed analyses of 35 genes. Approximately 50 addi-

tional genes were partially analyzed but discontinued due to endogenous expres-

sion pattern, lack of a homologous gene pair between human and mouse, or be-

cause a AAV-suitable design was already reported in the literature. Genes were

determined by expression data (predominantly CAGE and literature-derived data

such as Drop-seq[48]) within a target cell or tissue of interest. Table 1 shows a

list of all designed MiniPromoters. Most designs fit within the 2.7 kb limit, with

the exception of Ple346 (NEFM gene base) which spanned 2,711 bp. All other

MiniPromoters ranged in size from 331 bp to 2,700 bp. The average design size

was 1.71 kb. A subset of 40 designs incorporated at least one enhancer RR in ad-

dition to a promoter RR. Two of the designs (Ple326 and Ple334) used a total of

six RRs (promoter inclusive), which was the most RRs included in any design. As

the project progressed, and the importance of extremely compact MiniPromoters

emerged, there was a trend to shorter designs.
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Table 1: List of all designed MiniPromoters between January 2016 and July
2017. All tested designs are described in Table 2

Design
number

Gene Target cell/tissue
MiniPromoter

size (bp)
Tested

Number of
regulatory

regions
Ple326 KRT12 corneal epithelium 2,313 Y 6

Ple328 PAX6
amacrine, horizontal,

Müller glia, ganglion cells
2,148 Y 3

Ple329 PAX6
amacrine, horizontal,

Müller glia, ganglion cells
2,513 Y 3

Ple330 PAX6
amacrine, horizontal,

Müller glia, ganglion cells
1,982 Y 2

Ple331 PAX6
amacrine, horizontal,

Müller glia, ganglion cells
1,982 Y 2

Ple332 KCNJ8 pericytes 2,100 Y 3

Ple333 ABCC9 pericytes 2,332 Y 3

Ple334 KRT12 corneal epithelium 2,326 Y 6

Ple338 CLDN5 endothelial cells 2,567 Y 4

Ple339 CLDN5 endothelial cells 1,973 Y 2

Ple340 CLDN5 endothelial cells 2,700 Y 4

Ple341 PCP2 bipolar cells 784 Y 2

Ple342 TUBB3 retinal ganglion cells 1,992 Y 2

Ple343 TUBB3 retinal ganglion cells 2,669 Y 3

Ple344 TUBB3 retinal ganglion cells 801 Y 2

Ple345 NEFL retinal ganglion cells 2,693 Y 5

Ple346 NEFM retinal ganglion cells 2,711 Y 5

Ple347 GNGT2 cones 1,197 Y 2

Ple348 PDE6H cones 2,025 Y 3

Ple349 PDE6H cones 2,005 Y 4

Ple350 AQP4 Müller glia 1,802 N 2

Continued on next page
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Design
number

Gene Target cell/tissue
MiniPromoter

size (bp)
Tested

Number of
regulatory

regions
Ple351 GPR37 Müller glia 1,890 N 2

Ple352 TACR3
bipolar OFF subtypes

BC1A, BC1B, BC2
2,643 N 2

Ple353 GRIK1
bipolar OFF subtypes BC2,

BC3A, BC3B, BC4
2,367 N 3

Ple354 GRIK1
bipolar OFF subtypes BC2,

BC3A, BC3B, BC4
2,646 N 3

Ple355 ADORA2A striatum 2,666 N 3

Ple356 DBH locus coeruleus 2,479 N 4

Ple357 DRD1 striatum 2,200 N 4

Ple358 DRD2 striatum 1,659 N 2

Ple359 DRD2 striatum 2,680 N 4

Ple360 SLC6A3 substantia nigra 2,322 N 2

Ple361 PTPN3 thalamus 2,092 N 3

Ple362 RGS16 thalamus 2,027 N 5

Ple363 PDGFRB pericytes 846 N 1

Ple364 PDGFRB pericytes 1,396 N 2

Ple365 PDGFRB pericytes 730 N 1

Ple366 CCK GABAergic neurons 1,469 N 1

Ple367 DLX1 GABAergic neurons 970 N 1

Ple368 GAD2 GABAergic neurons 1,091 N 2

Ple369 SST GABAergic neurons 681 N 2

Ple370 CORT GABAergic neurons 399 N 2

Ple371 DLX5 GABAergic neurons 595 N 2

Ple372 PVALB GABAergic neurons 832 N 2

Ple373 CX3CR1 microglia 372 N 1

Ple374 P2RY12 microglia 505 N 1

Continued on next page
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Design
number

Gene Target cell/tissue
MiniPromoter

size (bp)
Tested

Number of
regulatory

regions
Ple375 P2RY12 microglia 943 N 1

Ple376 TMEM119 microglia 651 N 1

Ple377 TREM2 microglia 717 N 2

Ple378 TYROBP microglia 331 N 1

3.2 Experimental Validation of Bespoke Designs
Twenty MiniPromoters have been tested in young mice at P0 and P4. Two of

the 20 MiniPromoters were additionally tested in adult mice. Table 2 summarizes

the results of the tested MiniPromoters. While the brain, eyes, spinal cord, heart,

liver, and pancreas were all analyzed, only expression in targeted tissues will be

discussed.

Table 2: MiniPromoters tested in mice in vivo. * Off-target expression ob-
served along with expected expression. † Expected expression not ob-
served, experiments still ongoing. ‡ A subset of expected expression ob-
served. U Unknown. A positive control could not be established for the
target cell type, and therefore success or failure could not be accurately
determined.

Design number Gene Target cell/tissue Actual expression Success
Ple326 KRT12 corneal epithelium corneal stroma U

Ple328 PAX6
amacrine, horizontal,

Müller glia, ganglion cells

amacrine, horizontal,

ganglion cells
Y‡

Ple329 PAX6
amacrine, horizontal,

Müller glia, ganglion cells

amacrine, horizontal,

ganglion cells
Y‡

Ple330 PAX6
amacrine, horizontal,

Müller glia, ganglion cells

amacrine, horizontal,

Müller glia, ganglion cells,

ganglion cells

Y

Continued on next page
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Design number Gene Target cell/tissue Actual expression Success

Ple331 PAX6
amacrine, horizontal,

Müller glia, ganglion cells

amacrine, horizontal,

Müller glia, ganglion cells,

ganglion cells

Y

Ple332 KCNJ8 ocular pericytes N/A N

Ple333 ABCC9 ocular pericytes N/A N

Ple334 KRT12 corneal epithelium N/A U

Ple338 CLDN5 endothelial cells
endothelial cells,

horizontal cells
Y*

Ple339 CLDN5 endothelial cells
endothelial cells,

horizontal cells
Y*

Ple340 CLDN5 endothelial cells
endothelial cells, amacrine

cells
Y*

Ple341 PCP2 bipolar cells bipolar cells Y

Ple342 TUBB3 retinal ganglion cells
retinal ganglion cells,

amacrine cells
Y*

Ple343 TUBB3 retinal ganglion cells
retinal ganglion cells,

amacrine cells
Y*

Ple344 TUBB3 retinal ganglion cells retinal ganglion cells Y

Ple345 NEFL retinal ganglion cells retinal ganglion cells Y

Ple346 NEFM retinal ganglion cells retinal ganglion cells Y

Ple347 GNGT2 cones
cones (including cone

bipolar cells)
Y

Ple348 PDE6H cones
retinal ganglion cells,

amacrine cells
N†

Ple349 PDE6H cones
retinal ganglion cells,

amacrine cells
N†

Ple326 and Ple334, based off the KRT12 gene, were tested for their capacity to

direct reporter gene expression from AAV preparations by temporal vein injection

of AAV and injection into the corneal stroma in adult mice. Both MiniPromoters

contained the same five enhancer RRs, while their promoter RRs were based off
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two distinct FANTOM5 TSSs (see Figure 4). Corneas injected with Ple326 showed

expression in the corneal stroma, at levels below that directed by the smCBA-

EmGFP control virus. Mice injected with Ple334 showed no apparent EmGFP

expression throughout the corneal stroma. As displayed in Figure 5, the bespoke

MiniPromoters and positive control could not direct observable expression in the

epithelial layer (where expression was anticipated for Ple326 and Ple334). This

result, therefore, does not indicate a success or failure of Ple326 or Ple334, as we

were unable to determine a baseline expression pattern with which to compare.

These MiniPromoters are the only ones of the design set to contain undetermined

results. Expectedly, P0 and P4 mice showed no expression after harvest, as the

corneal epithelium is not fully formed until P12-14, when mice first open their

eyes[17].
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Figure 4: Manual Bioinformatics Design of Ple326 and Ple334 Novel MiniPromoters from the KRT12 Gene. The
blue highlights indicate the RRs selected for use in both Ple326 and Ple334. Each MiniPromoter uses the same
RRs, but different promoters. Promoter regions were based off two distinct FANTOM5-identified TSSs. Additional
RRs were chosen based on the overlap of DHS, TF ChIP-seq, histone mark, and conservation data. One identified
RR overlaps another FANTOM5 TSS, however its expression was considered negligible upon further inspection.
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Ple328, Ple329, Ple330 and Ple331 were based upon the PAX6 gene. It was

predicted that the PAX6 promoter RR and additional enhancer RRs could restrict

expression to four specific cell types in the retina (see Table 2): amacrine cells,

horizontal cells, ganglion cells, and Müller glia. Ple328 and Ple329 contained 2

out of 3 of the same RRs (one enhancer RR and the promoter RR). Ple330 and

Ple331 contained 2 RRs each, and were exactly the same construct, except for

a 8 bp change in a PAX6 TF binding site in the enhancer RR. Previous PAX6

MiniPromoters could only achieve expression in combinations of three out of four

cell types. Ple330 and Ple331 were able to achieve expression in all four expected

cell types, although expression levels of EmGFP were stronger in the latter. In

Ple328, there was no obvious expression of Mller glia. Some injections of Ple329

covered all four cell types, although it was not as clear as the expression seen in

Ple331.

Ple332 and Ple333 were based off KCNJ8 and ABCC9 respectively, and were

designed to target eye pericytes. Both genes are located adjacently in both human

and mouse genomes, and encode components of the same potassium channel. Due

to this reasoning, both MiniPromoters used the same two RRs, and promoter RRs

were designed to incorporate the TSS of each gene. FANTOM5 expression levels

of each gene suggested that both constructs would be very lowly expressed within

the eye. After imaging of mouse eyes at both timepoints, no clear expression was

found for these two MiniPromoters.

Ple338, Ple339, and Ple340 were based off the CLDN5 gene, and were partial

re-designs of an old MiniPromoter design (Ple32, data not shown) to target CNS

endothelial cells. All three MiniPromoters contained the same promoter RR, which

was a cut-down version of Ple32, which contained only a promoter RR. Ple338

additionally was packaged with three other enhancer RRs, Ple339 was packaged

with one additional enhancer RR, and Ple340 also contained three different en-

hancer RRs. Each enhancer RR was different, and enhancer RRs were grouped by

predicted linkage to the CLDN5 TSS, the inclusion of a FANTOM5-derived en-

hancer, and by regions not found (conserved) in the mouse genome, respectively.

All MiniPromoters drove expression in endothelial cells. Ple340 was found to also

express in off target locations including amacrine and bipolar cells in the eye. Ul-

timately, the original MiniPromoter (Ple32) had the strongest expression with the

38



Figure 5: MiniPromoters Ple326 and Ple334 from the KRT12 Gene Drive
Gene Expression in Layers of the Cornea. The smCBA (A) promoter
was tested against Ple326 (B) and Ple334 (C). All intrastromal injections
included the EmGFP reporter protein and FluoSpheres, injected into adult
mice. All eyes were harvested six days post-injection. Cell nuclei are vis-
ible in blue with Hoechst33342. EmGFP antibodies are visible in green.
FluoSphere locations are visible in red. A. EmGFP expression is seen
strongly in the stroma and endothelium layers of the cornea. One line of
antibody stain can be seen overlapping the epithelial layers, however it
was undetermined if this was true EmGFP or an artifact, due to not seeing
this pattern anywhere else along the cornea surface over three replicates.
B. There is some overlap in the stroma with EmGFP, although it is much
weaker than the smCBA promoter. No obvious EmGFP expression seen
in the epithelium or endothelium layers. C. No apparent expression of
EmGFP in any layer of the cornea.
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least amount of off-target expression, indicating that the promoter RR is enough to

reproduce endothelial expression.

Ple341, based on the PCP2 gene (see Figure 6), was a cut-down version of an

older MiniPromoter design (Ple265) to target bipolar ON cells. While Ple265 was

composed of only one RR, Ple341 contained a smaller promoter RR, accompanied

by a small enhancer RR, which was contained in the original Ple265 promoter.

Ple341 (Figure 7) produced comparable expression to Ple265 using less DNA (784

bp compared to 986 bp). It is still undetermined if the smaller promoter RR used

in Ple341 is sufficient to reproduce expression in bipolar cells, or the additional

enhancer element is required.
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Figure 6: Manual Bioinformatics Design of Cutting Down the Original Promoter of Ple265 to Form the Ple341
MiniPromoter. The blue highlight indicates the original promoter sequence of Ple265, from which Ple341 was
based. The new promoter region included the main FANTOM5-identified TSS until the loss of conservation be-
tween the human and mouse DNA sequences. The new RR was based on the remaining conserved sequence from
the original Ple265 design.
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Figure 7: MiniPromoter Ple341 from the PCP2 Gene Drives Gene Ex-
pression in Retinal Bipolar Cells. Ple341 (PCP2 - 784 bp): The con-
struct contains the Ple341 promoter driving the EmGFP reporter gene,
injected into P4 mice and harvested after 28 days. Cell nuclei are visible
in blue with Hoechst33342. EmGFP antibodies are visible in green. GCL
–ganglion cell layer, IPL –inner plexiform layer, INL –inner nuclear layer,
OPL. –outer plexiform layer, ONL –outer nuclear layer. Image by Andrea
Korecki.

Ple342, Ple343, and Ple344 were based off the TUBB3 gene and were par-

tial re-designs of an old MiniPromoter (Ple321) designed to target retinal ganglion

cells. Ple342 and Ple343 contained a newly identified enhancer RR, chosen for

its likeliness to be a ubiquitous enhancer to increase the expression of the original

MiniPromoter. Ple342 contained only this new enhancer RR and the original pro-

moter RR from Ple321. Ple343 contained the new RR with the old enhancer RR of

Ple321 and the original promoter RR. Ple344 contained a compact version (310 bp)
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of the original promoter (2,669 bp). Additionally, an enhancer-type RR was iden-

tified in the original promoter, and was subsequently identified as a new RR. This

new enhancer RR was 491 bp, resulting in a compact MiniPromoter of 801 bp (see

Figure 8). All three newly designed MiniPromoters produced expression in retinal

ganglion cells and basal ganglia in the brain. Both Ple342 and Ple343 produced

off-target expression in some amacrine cells, however, which was not observed in

the original Ple321 analysis, suggesting that amacrine expression came from the

addition of the ubiquitous enhancer RR. Ple344 (Figure 9) produced expression

comparable to Ple321 using over 1 kb less space.
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Figure 8: Manual Bioinformatics Design of Cutting Down the Original Promoter of Ple321 to Form the Ple344
MiniPromoter. The blue highlight indicates the original promoter sequence of Ple321, from which Ple344 was
based. A new RR was chosen based upon both TF ChIP-seq data and histone mark data. The new promoter region
included the main FANTOM5-identified TSS along with a large amount of overlapped TF ChIP-seq data.
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Figure 9: MiniPromoter Ple344 from the TUBB3 Gene Drives Gene Ex-
pression in Retinal Ganglion Cells. Ple344 (TUBB3 - 801 bp): The
construct contains the Ple344 promoter driving the EmGFP reporter gene,
injected into P4 mice and harvested after 28 days. Cell nuclei are visible
in blue with Hoechst33342. EmGFP antibodies are visible in green. GCL
–ganglion cell layer, IPL –inner plexiform layer, INL –inner nuclear layer,
OPL –outer plexiform layer, ONL –outer nuclear layer. Image by Andrea
Korecki.

Ple345 and Ple346 were based off the genes NEFL and NEFM respectively,

and were designed to target retinal ganglion cells (see Figure 10). Both genes are

located adjacently in both human and mouse genomes. Four common enhancer

RRs were used in both MiniPromoters along with a separate promoter RR for each

gene. Both MiniPromoters showed high expression levels of the reporter gene in

the retinal ganglion cells, as well as very high expression in the basal ganglia in

the brain. No significant off-target expression was observed. Ple345 (Figure 11)
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and Ple346 showed a much higher level of reporter expression than that seen in

Ple344, at the expense of being a much larger MiniPromoter (2,693 bp and 2,711

bp compared to 801 bp).
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Figure 10: Manual Bioinformatics Design of Ple345 and Ple346 Novel MiniPromoters from the NEFM and NEFL
Genes. The blue highlights indicate the RRs selected for use in both Ple345 and Ple346. Each MiniPromoter uses
the same RRs, but different promoters. Promoter regions were based off FANTOM5-identified TSSs. Additional
RRs were chosen based on the overlap of DHS, TF ChIP-seq, histone mark, and conservation data. Additionally,
two RRs overlap FANTOM5-identified enhancers.
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Figure 11: MiniPromoter Ple345 from the NEFM Gene Drives Gene Ex-
pression in Retinal Ganglion Cells. Ple345 (NEFM - 2,711 bp): The
construct contains the Ple345 promoter driving the EmGFP reporter
gene, injected into P4 mice and harvested after 28 days. Cell nuclei
are visible in blue with Hoechst33342. EmGFP antibodies are visible
in green. GCL –ganglion cell layer, IPL –inner plexiform layer, INL
–inner nuclear layer, OPL –outer plexiform layer, ONL –outer nuclear
layer. Image by Andrea Korecki.

Ple347, based off the gene GNGT2, and Ple348 and Ple349, both based off

PDE6H, were designed to target cone photoreceptors. Ple347 (Figure 12) con-

tained one enhancer RR and one promoter RR. While Ple348 and Ple349 both

contained the same two enhancer RRs, they differed in the length of the pro-

moter (Ple348 contained 1088 bp compared to 418 bp for Ple349) and 650bp of

the deleted sequence was included as an additional enhancer RR. Ple347 expressed

highly in cones. Surprisingly, more reporter activity was observed in cones trans-
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duced with Ple347 than with the ubiquitous smCBA promoter. Expression was

also detected in cone bipolar cells (see Figure 13). While not originally the target,

cone photoreceptors and cone bipolar cells share similar properties, and therefore

the observation is not unexpected. Ple348 and Ple349 did not show any cone pho-

toreceptor expression, although off-target cone bipolar and amacrine cells seemed

to be transduced. It should be noted, however, that at the time of writing, Ple347,

Ple348 and Ple349 were only analysed in P4 mice. Cone transduction would be

the strongest in earlier stages (P0)[17], and therefore we cannot determine the true

strength of Ple347 or if Ple348 and Ple349 are truly negative.
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Figure 12: Manual Bioinformatics Design of the Ple347 Novel MiniPromoter based off the GNGT2 Gene. The
blue highlights indicate the RRs selected for use in both Ple347. The GNGT2 promoter encompasses two of the
six FANTOM5-identified TSSs. Other TSSs were not included due to their off-target potential, and overlap of TSS
of the nearby ABI13 gene. The additional RR was chosen based on proximity to a FANTOM5-identified enhancer
and a CRX TF binding site, a known photoreceptor-specific TF.
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Figure 13: MiniPromoter Ple347 from the GNGT2 gene drives gene ex-
pression in cone cells. Ple347 (GNGT2 - 1,197 bp): The construct
contains the Ple347 promoter driving the EmGFP reporter gene, injected
into P4 mice and harvested after 28 days. Cell nuclei are visible in blue
with Hoechst33342. EmGFP antibodies are visible in green. Expression
observed in cone photoreceptors (white arrow) and in cone bipolar ON
cells (white chevron). GCL –ganglion cell layer, IPL –inner plexiform
layer, INL –inner nuclear layer, OPL –outer plexiform layer, ONL –outer
nuclear layer, R&CL –rod and cone photoreceptor cell layer. Image by
Andrea Korecki.

3.3 Automated System Creation of OnTarget
Based on the bespoke designs a semi-automated procedure was implemented for

compact promoter design. Distinct modules were created for the selection of pro-

moter and enhancer regions. Minimal promoters were identified for every FAN-
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TOM5 TSS, resulting in 201,802 sequences. Enhancer RRs were calculated ‘on-

the-fly’, as changes to default settings give rise to a different number and set of

sequences. Three specific examples are described below.

We have based our initial predictions from the following features, each with a

corresponding weight between 0 and 1: FANTOM5 enhancers (1), TF-ChIP peaks

(0.75), chromatin accessibility (0.5), H3K27Ac (0.25), and human-mouse conser-

vation (0.5). These weights were motivated by the feature priority used qualita-

tively when creating bespoke MiniPromoters. Importantly, the weighting of each

feature is the driving force of our Enhancer Identification step. A higher weight

represents a stronger importance placed on a feature. While these weights can be

changed by the user, we empirically selected a default set which we have used for

our assessment of OnTarget. As described below, using these weights, we were

able to reproduce most of our chosen RRs in constructs that produced positive

results.

As described in the Methods section, after feature weighting, each nucleotide

in the search space is given a score. Contiguous highly-scoring regions are then

returned as being potentially involved in regulation. In order to restrict the number

of potential RRs, a threshold score is calculated based on the overall distribution of

scores observed within each search space. The cumulative distribution charts for

2 example spaces are shown in Figure 14. Based on our analyses, and constrained

by the limited number of known regulatory regions, we could not determine a uni-

versal threshold for RR identification, instead opting to only include contiguous

regions scoring above the 99th percentile of nucleotide scores. Using this thresh-

old, we were able to reproduce 12 out of 20 regions identified by MiniPromoter

designers across six different TADs.

3.4 Assessing the Performance of OnTarget on
Experimental Data

To test our proof-of-concept, RR identification was compared by using all available

data, versus a liver and hepatocyte subset. As described in the Methods section, two

TADs (an ∼800 kb region on chromosome 7 containing at least one liver-specific

gene (ABCB4) (Table 3) and an ∼835 kb region on chromosome 12 containing
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Figure 14: The cumulative distribution charts of individual nucleotide
scores from two TADs. All nucleotides within TADs containing the
gene ABCB4 (top) and NEFM (bottom) have different discrete scores,
although the overall distribution pattern remains similar.

mostly brain-specific (NOS1) or housekeeping genes, Table 4) were analyzed.

In the more liver-specific TAD, 31 RRs were reported using the combination of
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all datasets as features and the heuristic algorithm from the methods. In contrast,

using only liver and hepatocyte samples as features resulted in the prediction of 64

RRs. The overlap between the sets was only 5. While the all-feature RRs were

spread across the TAD, 64% of liver-specific feature enhancers covered 29% of the

TAD. The covered portion of the TAD included the genes ABCB4, ABCB1, and

the promoter region of RUNDC3B, all which are expressed in the liver, according

to RNA sequencing data from the Human Protein Atlas, GTEx, and FANTOM5.

Table 3: Summary of OnTarget regulatory region predictions for the TAD
containing the gene ABCB4. Few identified liver-specific RRs overlap
those predicted using all datasets. Furthermore, liver-specific RRs tend
to cluster together, rather than those from all datasets, which are spread
randomly throughout the TAD. In general, the fewer number of datasets
used, the less strict OnTarget becomes with RR boundaries, as seen by the
difference in RR size between datasets.

ABCB4 TAD Liver datasets All datasets
Median RR size (bp) 232 73
Regions identified by OnTarget 64 31
Overlapping regions 8% 16%
RR localization clustered sparse

In the second TAD, 54 RRs were reported when using all datasets as features,

while 75 RRs were identified using liver-specific datasets, with an overlap of 25

RRs. Unlike patterns seen in the TAD on chromosome 8, both ubiquitous and

liver-specific RRs were spread throughout the regions.

3.5 Comparing the Designs Between Bespoke and
Semi-automated Approaches

To assess the reliability of the semi-automated approach to reproduce the designs

generated by hand, I compared the resulting designs (see (Table 6)). For the anal-

ysis of our successful design, I chose Ple345 and Ple346 due to their success in

targeting retinal ganglion cells, with no apparent off-target expression. Further-

more, these genes used five different RRs (six in total, as both MiniPromoters use

the same four enhancer RRs but different promoter RR) which allowed for more
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Table 4: Summary of OnTarget regulatory region predictions for the TAD
containing the gene NOS1. There is greater overlap between liver-specific
and all datasets within this TAD. All identified RRs were scattered through-
out the TAD, not clustering around any particular gene, unlike the RRs pro-
posed in the ABCB4 TAD. Similarly to the previous TAD, lower dataset
counts results in less stringent RR boundaries in a liver-specific context,
while remaining almost constant using all datasets.

NOS1 TAD Liver datasets All datasets
Median RR size (bp) 300 71
Regions identified by OnTarget 75 54
Overlapping regions 33% 46%
RR localization sparse sparse

regions to be compared.

Using all data available on UCSC at the time of bespoke design, we identified

5 enhancer RRs and 2 promoter RRs in a 224 kb region surrounding the NEFM and

NEFL genes. A subset of 4 out of 5 enhancer RRs were included in the finalized

designs.

OnTarget analyzed across the full∼640 kb TAD, which surrounded both genes

(as well as two long non-coding RNA transcripts, one microRNA, and the partial 3’

end of another protein-coding gene). Knowing that the expected expression should

be seen in both retinal ganglion cells and basal ganglia in the brain, I analyzed

feature data from the following primary cell and tissue datasets: neuronal stem

cells, neuronal progenitor cells, neuron, brain, midbrain, eye, and retina. Within

the original 640 kb TAD, 15 RRs were identified. A subset of 10 RRs (66% of all

identified RRs) were located within the 224 kb region originally used for manual

RR identification. Analyzing the same 640 kb TAD using all datasets, mimicking

our bespoke MiniPromoter design, 17 RRs were identified. A subset of 9 RRs

were found within the 224 kb search space. Out of the 7 manually identified RRs, 4

(from the brain and eye datasets, or 3 from all datasets) overlapped with those found

by OnTarget using the selected features. Relaxing the scoring threshold to the 98th

percentile, 5 RRs from the brain and eye datasets were recovered. Reassuringly,

the other two RRs could be identified at the 95th percentile score cutt-off (Table 5).

For an example of an unsuccessful design, I chose a subset of designs based
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Table 5: Regulatory Regions Identified for NEFM/NEFL Bespoke MiniPro-
moters in Comparison to Regulatory Predictions Predictions from OnTar-
get.

MiniPromoter Design
(Manual, All Available

Datasets)

OnTarget (All
Available
Datasets)

OnTarget
(Brain/Eye
Datasets)

Regulatory region search space (in kb) 224 640 640

Number of identified regions 7 17 (9 in 224kb)
15 (10 in
224kb)

on the gene DDC, constructs Ple56, Ple57, Ple58, and Ple59. These were early

constructs designed for the paper by Portatles-Casamar et al. in 2010[60], before

the implementation of our current bespoke design process. No expression was seen

in the brain for any of these MiniPromoters.

Out of four designs, three enhancer RRs were used in combination with one of

two similar promoter RRs. The search space for RRs was limited to the flanking

genes of DDC, spanning about 20 kb upstream and 5 kb downstream. OnTarget

analyzed across the TAD, a region of ∼720 kb, using the same datasets described

above. Out of the 18 brain and eye-specific RRs predicted by OnTarget, only one

region partially overlapped all tested MiniPromoter regions. Unsurprisingly, this

partial overlap was across the promoter RR of the MiniPromoter, although the

predicted RR is much more compact than the tested regions, potentially indicating

the original promoter RRs contained elements unimportant to, or unfavorable for

expression in the brain. Interestingly, there was a large overlap of predicted RRs

in the brain and eye specific datasets compared with all data. Out of the 15 RRs

selected while using all datasets, only 2 did not overlap RRs from the tissue-specific

set.

Based on the above results, I expect that regions predicted by OnTarget in cell-

specific contexts should raise the likeliness of MiniPromoters producing expression

of the reporter gene. It is therefore of interest to predict which bespoke designs

still awaiting testing would be more likely to be successful. I chose Ple368, one of

the newest MiniPromoter constructs designed based on the GAD2 gene with the

previously described datasets. While OnTarget used a ∼560 kb TAD as its search

56



space, our MiniPromoter analysis was done using a ∼260 kb region which was

based off a successful mouse BAC targeting Gad2[9]. Out of 13 RRs predicted by

OnTarget in the cell-specific datasets, 9 were found in the search space used for the

bespoke design of Ple368. Inversely, only 1 RR was predicted within that smaller

search space, while the other 8 OnTarget-predicted RRs fell within the larger TAD.

Both RRs selected by hand for Ple368 completely overlapped OnTarget-predicted

RRs using the brain and eye-specific datasets. It is therefore our prediction that

this MiniPromoter will express our reporter gene in at least a subset of regions of

the brain and eye.

Table 6: Summary of OnTarget Regulatory Region Predictions for Bespoke
MiniPromoters.

Ple345 & Ple346 Ple56 to Ple59 Ple368
MiniPromoter result Success Fail Untested
MiniPromoter search space (kb) 224 125 260
OnTarget search space (kb) 640 720 560
Number of original RRs identified 7 5 2
OnTarget brain/eye RR overlap with MiniPromoters 4 2 2
OnTarget all datasets RR overlap with MiniPromoters 3 0 1
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Chapter 4

Conclusion & Future Work

In the research activities of this thesis, we were able to create 49 MiniPromoters

designed to drive expression of a reporter gene in cell-specific contexts, of which a

subset of 20 constructs were tested in vivo to validate the design process. Based on

an initial set of bespoke designs, we were able to recreate the design logic within

a semi-automated pipeline. As expected, analyses using cell type-specific datasets

results in different designs than those incorporating all possible datasets. We have

performed initial tests of the semi-automatic approach, supporting the use of cell-

type specific information. The bioinformatics approaches within the thesis are of

importance in the field of gene therapy, as the use of small, specific promoters

not only increases the therapeutic capacity, but also restricts the delivery of the

therapeutic to relevant cells.

We recognize, however, the need for future developments of our tool. First,

we must continue to test OnTarget as our validation set of tested MiniPromoters

grows. In this sense, we must ensure that our current weighting scheme continues

to preferentially detect RRs from successful MiniPromoter experiments. Further-

more, OnTarget should identify cis-regulatory sequences that were not selected by

human designers in the unsuccessful experiments. We also plan to test OnTarget

for prediction of enhancers described in literature.

Next, we will continue to collect cell-specific datasets as they become avail-

able. Unsurprisingly, most experiments are performed on immortalized cell lines.

Although these are good starting points, they may not accurately recapitulate ex-
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pression in natural conditions. There is a dearth of tissue and cell-specific TF

experiments.

Finally, we hope to implement an important additional feature into future re-

leases of the OnTarget tool. Specifically, we hope to include the ability to mod-

ify each cis-regulatory sequence in order to modulate the strength of TF binding

sites. Previous research, as well as our own observations from Ple331, has shown

that small base pair changes in TF binding sites can dramatically affect expres-

sion levels. OnTarget will scan identified RRs and provide suggestions of minimal

alteration of the endogenous sequence to create a high-affinity binding site for a

desired TF. This system is based off of previous lab expertise in the creation of the

MANTA database[51] (DNA alterations impacting TF binding), and the upkeep

of JASPAR[52] (TF binding profile database). Importantly, this feature must also

ensure that sequence modification does not destroy other important binding sites,

or create undesired sites which may lead to unexpected and undesired off-target

expression after MiniPromoter delivery.

I have shown preliminary work for successfully identifying cis-regulatory se-

quences and creating functional MiniPromoters for therapeutic delivery in small

viral vectors. This approach lead to the creation of our semi-automated tool, On-

Target, to perform the same task. While there is still work to be done, implement-

ing OnTarget as outlined in this thesis should ultimately lead to better and faster

identification of cis-regulatory sequences and designing of MiniPromoters.
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