Tools for Next-Generation Transcriptional Control in

Chinese Hamster Ovary Cell Factories

AdamJohnBrown

The
University
Of
Sheffield.

Submitted for the degree of Doctor of Philosophy
May 2014

Department of Chemical and Biological Engineering
University of Sheffield



Declaration of Originality

In accordance with the University ndgtions, | hereby declare that:

1. This thesis has been composed solely by myself
2. It is entirely my own work
3. It has not been submitted in part or whole for any other degrgereonal

qualification

Based on the work within this thesis the following articles have been published

(shown inAppendice<C andD):

Chapter Two:
Brown AJ, Sweeney B, Mainwaring DO, James DC. 2014. Synthetic promoters for

CHO cell engineering. Biotechhdioeng. doi:10.1002/bit.25227

Chapter Three:

Brown AJ, Mainwaring DO, Sweeney B, James DC.120 Block decoys:
transcription factor decoys designed for in vitro gene regulation studies. Anal.
Biochem. 443(2): 20210

Based on the work within this thesis the following patapplications have been
filed:

Chapter Two
Brown AJ, James DC. UK patent applicatiaamber GB 1321109 (29 November

2013)Synthetic promoterior CHO cells

ChapterThree
Brown AJ, James DC.UK g@ent application number GB1310853.5 (18 June 2013)

Transcription factor blocklecoys




Acknowledgements

This research would not have been possible without sponsorship from UCB and the

Engineering and Physical Sciences Research Council.

| owe a hugehanks toProfessor David James fbeing supportive of all research
ideas, for providing the wisdom arglidanceto make them a reality andpost
importantly for respondingwith a joke every time they went wrong.am also
grateful to my industrial sup@sorsDr Bernie Sweeney andr David Mainwaing
for their feedbackhelpand advice.

| would also like to thank all colleagues of the James research group for making it
such a fantastic, supportive and frequently hilarious place to complete alrPhD.
paticular to Dr Sarah Davies for providing unofficial supervision on the way to the

train station every day.

Of course, most thanks to my partner and best frikimd. As with everything else
in life, doing this PhD would have been half as fun favide as difficult without her.



Abstract

Recombinant gene transcription in Chinese hamster ovary (CHO) cells, the dominant cell
factory utilised for biopharmaceutical production, is still routinely regulated with a limited set
of functionally ill-defined and uncontrollable genetic elements. Tigly presents novel
transcription control technologies that facilitate development wéxtgeneration
biopharmaceutical manufacturing systems.

Firstly, synthetic promoters designed specifically to harness theexjstng
transcriptional activation maatery of CHO cell factories have been constructed. Transcription
factor regulatory element (TFRE) function was screened in CHO cells and active elements were
utilised to create synthetic promoter libraries exhibiting 140 discrete activites, operating over
two orders of magnitude, where the most active promoters significantly exceeded that of the
human cytomegalovirus immediate early 1 (hCNB4) promoter. Through precise control of
recombinant gene expression in CHO host cells over a broad dynamic ranmgeckimiology
could be utilised to both maximise transcription of etmsgxpress proteins and provide
optimised proteirspecific transcription levels (synchronised with polypepsipecific folding
kinetics) of difficultto-express proteins. Further, it liienable construction of bespoke,
synthetic cell factories that require the expression of several genes to be stoichiometrically
balanced.

Secondly, a novel method of transcription factor (TF) decoy (synthetic
oligodeoxynucleotides that specifically segige cognate TFs) formation has been developed,
where blocks containing discrete TF binding sites are combined into circular molecules. Unlike
currently available methods blodecoys allow rapid construction of chimeric decoys targeting
multiple TFREs. Moeover, they enable fine tuning of binding site copy ratios within chimeras,
facilitating sophisticated control of the cellular transcriptional landscape. It was demonstrated
that a bespoke bloatkecoy chimera was able to inhibit expression from multgoiget elements
simultaneously in CHO cells. Bloakecoys can be utilised to investigate any miliRimediated
cell function or phenotype and represent a valuable new tool for characterising and controlling
CHO cell transcription.

Finally, the mechanisticuhctionality of the promoter most commonly utilised to drive
transgene expression in CHO cells, hCMBA4, has been analysed. It was found that hEMV
IE1 promoter activity in CHO cells is predominantly mediated via just two TFREs (CRE and
NFkB), where physial prevention of TH FRE interactions at these sites, either by intracellular
TF sequestration or TFRE deletion, reduced activity by >75%. This mechanistic understanding
of hCMV-IE1s functional regulation in CHO cells facilitates strategies to predictalpiyrol or
i mprove its activity by engineering the prol
abundances. This will likely be most useful for optimising transient gene expression systems
where hCMVIEL is the current promoter of choice. Cumulaly, the tools developed in this

thesis enable sophisticated, rgeheration transcriptional control in CHO cell factories.
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Chapter 1: Introduction

This study aims to develop novel tools in order to facilitate -gemeration
transcriptional control in Chinese hamster ovaryCHO) cell factories. This
introductory chapter contextualises the subsequent work within this thesis. An
overview of biopharmaceutical production processes is providedjning the
pathway from potential drug candidate gene sequence to purified therapeutic
protein. Subsequently, the need to produce better drugs, cheaper and faster is
highlighted and a set of critically required biomanufacturidgvelopmentsare
presented The restrictive limitations of currently available recombinant gene
expression control elements are then discussed. Finally, the chapter comes full circle
to outline how sophisticated transcriptional control technologies could enable
disruptive innovation in bimanufacturing detailing the opportunities available at

eachdiscrete production process step.

1.1. Chinese hamster wary cell factories for biopharmaceutical

production

1.1.1 Biopharmaceuticals

Biopharmaceuticals, pharmaceuticals produced using hioddmgy techniques,
provide effective therapies to conditions such as cancer, multiple sclerosis and
rheumatoid arthritis. There are currently over 400 biologics approved for use and
thousands more in the developmental pipeline. Worldwide sales totat@ssewnf
$100 billion and the market is projected to maintain its 15% annual growth rate
(Langer, 2013) Amongst the nine major classes of biologicsr{otlonal antibodies
(mAbs), hormones, growth factors, fusion proteins, cytokines, blood factors,
enzymes vaccines and antioagulants) mAbs are both the bsslling and most
rapidly growing,with hundredsof candidatesurrently in clinical trials(Aggarwal,
2012). mAbs providesignificantly improved therapie® many conditions, often
covering large pati@ populations that require lofigrm treatment, and are usually
engineeredo improve functionality, for example by humanisation (Shuidaal,

2010). Indeed, the majority of modern biologics entering the market, including

16



fusion proteins and bispecifiantibodies, are proteinspecifically engineered to
optimise their bioactivity, immunogenicity and pharmacokinetics, (Wa2§i10;
Czajkowskyet al, 2012).

1.1.2 Chinesehamster ovary cell factories

The majority of modern biopharmaceuticals are recombinant proteins produced in
mammalian cell factorieominance of mammalian expression systems is primarily
due to their capacity to perform humbke protein folding, assembly and post
translational moifications (PTMs). This is particularly important for glycoproteins
(approximately half of all approved biologics), where mammalian systems are
required to produce proteins digping therapeutically acceptable glycoprofiles with
low immunogenicity and higbioactivity (Walsh 2010; Grainget al, 2013). Given

the relative high costs, low productivity and slow production pipelines there is
continuing interest in developingopnrmammalian production hosts. Accordingly,
biopharmaceuticals that do not requiteimanlike PTMs are predominantly
produced in microbial cells, in particul&scherichia oli (Berlec et al, 2013).
However, the majority of topelling biologics do require PTMs (including m&b
Tissue Plasminogen Activatoand Erythropoietin) and prodts produced in
mammalian systemstill account for over 70% dbiopharmaceutical sales revenue
(Zhu, 2012). Unsurprisingly there hae been significant effostto synthetically
engineernonrmammalian hosts to produce hurdiée proteins. For example,
correctly folded and assembled (but not glycosylated) mAbs have recently been
produced inE. mli (Huanget al, 2012). If the Nglycosylation pathway from
Campylobacter jejuncan be successfully introducedo E. mli, these advances in
protein processingould be exploited to enabfaster, cheapemAb productionin
microbial cell factoriegPrandhalet al, 2012; Spadiuet al, 2014). There has also
been significant progress in glycoengineering both yeast and plant systems to
overcome their respectivdygosylation problemsof low serum haHife and high
immunogenicity (Bosclet al, 2013; Spadiuét al, 2014).

Although developments in nemammalian systems offer considerable
promise in the longerm, mammalian cells arelearly established as the
biopharmaceuticaimanufacturingfactoties of choice for the foreseeable future.
Whilst multiple mammalian cell platforms have been utilised for production (baby

17



hamster kidney, NSO mouse myeloma, human embryo kidney), over 70% of
therapatic recombinant proteins are currently made in Chinese hamster ovary
(CHO) cells. Moreover, the dominance of the CHO cell factory will likely increase
in the neaffuture as most candidates currently in clinical development utilise a CHO
cell platform (Wakh, 2010; Zhu, 2012). CHCells havereigned as the preferred
biopharmaceutical production system for 25 years because thei). produce
therapeutically satisfactory glycoprofiles, ii) are well established safe, Huestsy
nonpermissive for most humaniruses, iii) are easily adapted to sertree
suspension culture in chemically defined media, providing compatibility with-large
scale, regulatorgompliant bioreactor productigagrocessesv) benefit from decades

of industrial optimisation, resulting well-established CH®ioprocessethat have
improved titers > 100 fold in 20 years, and v) have a good record of biologic
approvals, facilitating an easier path through the strict regulatory proceduregt(Kim
al., 2012 Lai et al, 2013). Athoughhumancell lines such aBer.C6are generating
considerableinterest due topotential advancements wiable cell dengies and
glycosylation profilegBandaranayake, 2014), CHO cells are clearly established as

the most important biologics production factoryboth the present and nefature.

1.2 Biopharmaceutical production processes

Production of a new therapeutic protein requires the development of a CHO clonal
cell line delivering high titres of acceptable quality productder largescale
manufacturig conditions. Thdranslation of adrug candidate gene sequenct®

vials of regulatory bodyapproved protein requires considerable investment in time,
labour and costs and involves multiple discrete upstream (cell line isolation and
bioreactor production and downstream (product isolation and purification)
bioprocesses (Shuklat al, 2010; Vijayasankararet al, 2010). Each discrete
production process presents both unique challenges and potential optimisation
opportunities.Moreover, @spite> twenty five years of optimisation there remains
considerable pressure, and ofpnity, to enact disruptiveegt-change innovation in

all production process steps.
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1.2.1 Process 1: CHO cell factory selection

Although CHO cells are the glycoprotein productiastbry of choice, not all CHO

cells are created equal. Since the original CHO cell line was isolated in 1957 from a
primary culture of Chinese hamster ovarian cells (Puck, 1985) multiple distinct CHO
cell lineages have been developed with unique biopramuatharacteristics via
mut agenesi s, directed evolution and gene
hundreds of discrete cell lines with varying genotypes and diverse phenotypes
(Lewis et al, 2013; Wurm, 2013). Critical cell line characteristics tiegpl for
biomanufacturing include i) growth in serdimee, chemicallydefined suspension
culture, ii) high specific protein productivity iii) desirable bioreactor growth
characteristicsife. maximised integral of viable cell density (IVCD), accelerated
growth rate,etc), iv) the capability to produce higguality homogenous products,
particularly uniform glycosylation events, and v) the ability to rapidly create stable,
high yidding recombinant daughter cédlhes (Birchet al, 2006;Kim et al, 2012).

Given that different CHO cell lines vary significantly in these key attributes, and
further that they respond differentially to process platforms further downstream
(media, feeding strategy, bioreactor conditions, purificat&o) it is unsurprising

that most biopharmaceutical companies have developed optimised production cell
lines inhouse. Utilising cell hosts specifically adapted for production processes
improves product quality and vyield, reducdsvelopmenttimes, and enables
implementation of tandardised manufacturirtgioprocesses. For example, the-pre
adaption of parental lines to suspension growth in chemically defined, serum free
media has enabled rapid switching between static and suspension growth, reducing
timelines by approximately six omths (De Jesust al., 2013).

Development of nexgieneration factories is predominantly focused on
genetically engineeringellsto optimisekey bioproductiorfunctionalities, including
apoptosis, proliferation, protein folding and secretion (Dettl, 2013).Ultimately,
most strategies to date have proved unsuccessfulfeamdjenetically engineered
hostshave been employed imanufacturing processes. However, Potelligegits
are an example osimple successfukengineering, where geraockout of U1, 6
fucosyltransferaseesuled in production offucosefree mAbsthat exhibit enhanced
antibody depend# cellula cytotoxicity activity (Shirita, 2009). This host has been
licensed by multiple companies and is the parental cell line of several mAbs
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currently in clinical trials.De vel op me nt of the CHOK1SV (
growth-optimised hos) Potelligent cell line is an example of multiple desirable
bioproduction functionalities being combined in a single produamimised

factory.

1.2.2 Process 2: vector engineering

Plasmid vectors are utilised to introduseguenceptimisedproduct genginto the
selected hostell line. Sequence engineerinmvolves codorroptimisation and
removal of elements thapromote undesirable mMRNA foldyh stability, sich as
cryptic polyA tails and splice sites (Bircht al, 2006; Hunget al, 2010).
Appropriate gene expression control elemeratse employed tcsupport efficient
transcription and translatiorates These technologies are discusseddetail in
sectionl.4. Briefly, strongpromoters(most commonly the uUman cytomegalovirus
immediate earlyone (hCMV-IE1) promote) are usedto achieve high levels of
transcription, andranslational regulatory sequences (polyA,t&ibzak sequence,
introns) are ncluded to ensure favourable mRNA stability, export and translation
(Kim et al, 2012). Additionally, elementshatminimise production instabilitysuch

as natrix attachment regions (MARS)re often incorporated flanking the expression
cassetteFunctioning topromot formation of open chromatin environmentisese
elements negate integration ssgecific effects on transgene expression nesdent
gene silencingRita Costeet al,, 2010.

Successful plasmid genomic integration eventare isolatd utilising an
appropriate selection systenDihydrofolate reductase (DHFRpr glutamine
synthetase (GS$election marker genemre commonlyusedin conjunction wih
CHO hosts that require these enzymies growth in either GHT (glycine,
hypoxanthine, thymdine) or glutamine deficient medigespectively Selection of
cell clones overprodutg the selection markeis achieved by i) @ntrolling
selectiong e n e expression wi t h Oweak?®b pr omot
transfectants to increasing concentrationd specific enzyme inhibitors
(methotrexate or methionine sulfoximifier DHFR and GSrespectively) (Butler
2005; Fanet al, 2012) Direct linkage ofthe selection andproduct gengin the
expression vector therefore facilitataeslirect seleeon of cells that also overproduce

the product protein.
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1.2.3 Process3: transient expression

Before entering the time and cestensive process of developing aldéaproduct

producing cell line,small quantities of developmental materaak producediia
transientgene expression (TGEMilligram to gram product quantitieproduced

rapidly (< 5 weeks) and cheaply ardilised for toxicology studies process
development, and product quality evaluat{Baldi et al, 2007) Moreover, transient
transfecon provi des an assessment of the pro
factory. Rapid screening of candidate products utilising TGE preweeticient

commitment of resources and impesgpeedto-market(Cainet al, 2013)

1.24. Process 4: oning

Following satisfactory regts from developmental studi¢se expression vector is
stably transfected into host ceWNialipofection, polyfection or electroporation, prior

to culture in selective media. Stably transfected cells represegte integation
evens (i.e. vector inserted in different genomic loci at varying copy numbag

vary significantlyin critical bioproduction characteristicsuch as growth rate and
productivity (Wurteleet al, 2003) Utilising thisheterogeneousell pool forprotein
manufacture would result in inconsistémbprocesses, with unpredictable yields and
variableproductqualities It is therefore a regulatory (and technical) requirement to
perform single cell cloningAgrawal et al, 2012) The productionclonal ll line
requires multiple key attributes that must be evaluated during the selection process,
including high productivity, suitability for bioreactor scale manufacture, resistance to
apoptosis, adaptability to suspension grovgttgductionstability and gh growth

rate. Cells meeting these extensive criteria are rare events within the heterogenous
population, necessitating the screening of several thousand ¢lanex al, 2013)
Traditionally this was achieved by serial limiting dilution. Requirindtiple rounds

of dilutions to ensure monoclonality, and subsequent low throughput methods to
assay clone productivity, this process was restrictively time, cost and labour
intensive(De Jesu®t al, 2011) Accordingly, under significant industry pressuae,
number of optimised higthroughput screening technologies have been developed in
recent yeard-or example,lburesenceactivated cell sorting (FACS) can be utilised

to specifically separate high producers from low producers, significantly reducing
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the number of clonegequiringscreening. Multiple FAC$®ased methods have been
developed to overcome the difficulties associateth monitoring production of
secreted protesi For example,ihking easily detectablBuorescent markersuch as

green fluorecent protein (GFP) to the product gdaellitates indirect selection of

high producerg¢Kim et al,2012). Al ternati vely, secreted
at the cellsurfaceusing affinity matricesand detected with fluorescently labelled
antibodiegBlacket al, 2011).

Fully automated screening technologies have also been developed, including
CellCelectorand Clonepix systemdvi@nn 2007; Haupet al, 2009. Growth in
semtsolid media allows automatic isolation of distinctly separated clonal colonies,
and further, results in localised clegmximity capture of secreted product.
Following addition of an apppriate productietection agemluorescent halos form
around clonal pogations, whereby halo intensity is a measure of clone productivity
Clones are rankedccording tagrowth rate, productivity and monoclonality and top
performersare robotically transferred to 9@ell plates for further characterisation
(Dharshananet al, 2011; Lai et al, 2013) Using automated systems several
thousand clones are screened in a single week and poor performing clones are
rapidly removed from the pipelin®esultant panslof selected clones (~ 250) are
robustly evaluatedor key performanc@arametersuch as productivity, growth rate
and production stability. Subsequently, ~ 25 clones am@dapted to suspension
growth and their predicted performance in lasgale manufacturing processis
determined (Notet al, 2013) Utilising shake lasks/ minibioreactors, production
media andnanufacturing feeding regimesitical bioproduction functionalities (cell
growth characteristics, product titer, product qualitgtabolismetc) are evaluated
to select a final panel of ~ 5 clones. Produttstability is monitored in these lines
over several (> 50) generations to identify a single production clonal cell line and
master/ working cell banks are prepared for use in {acgée manufacturd.( et al,

2010.

1.2.5 Upstream process 5: manufaatring process development

Producing sufficient cell masgo inoculat 20,000L bioreactos requiresstepwise
expansion of cultivation volumeStarting with a single working cellank vial,

biomass is accumulated throughsaries of shakdlask and biorea¢or stages,
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typically ending with working volumes of 2,0Q0(Davis, 2007. Several innoculum

trains are run simultaneously to feed multiple production bioreac@aisless steel

tanks remain the industry standard but disposaklstems with associated
advantages in cost, flexibility and speede increasingly being utilis§&hukla and

Gottschalk, 2018 Largescale manufacture typically employsdfbatchbioreactor

processes, where small feed volumes1(3% volume) are added to culture to

mantain key nutrient sufficiency Per f usi on cul ture system
continuously replacedireinfrequently utilised due to complexity and sterility issues
(Pollocket al, 2013.

Media development requires definition of batch medium, feed compasitio
and feeding strategyCompaniesfrequently utilisea single chemically defined,
protein free media comprising amino acids, lipids, inorganic,sattésnins and trace
elements Whilst generic media isinlikely to be optimal for each produgtowing to
metabolic variance between cell lines, it significantly shortens development
timelines and allows implementation of downstream platform proceksext @l,
2010. In cases of unacceptably low productivity platform mecha beoptimised,
for example by adton of animalcomponerdfree hydrolysates. Additionally,
antifoam and synthetic polynmsefsuch as Pluronic-B8) areincluded in mostmedia
as protectastagainst spargig and agitatiomelatedcell damage Birch and Racher,
2009.

Feed compositiamand regimenare designed to prevent nutrient depletion
and toxic byproduct accumulation. Controlled feeding of key subsirgieg.
glucose and glutamin@nd consmednutrients (e.g. amino acids aindn) is critical
to maximise botHVCD and specific poductivity (Khattak et al, 2010. Although
platform feeds areoutinely employed, celspecific variation usually necessitates
feed optimisation via design of experiments approacheltick et al., 2017).

Bioreactor operatingconditions are opimised b maximise productivity,
minimise protein aggregationflegradation angreventundesirable glycosylation
modifications Multiple chemical (pH, osmolality, dissolved oxygen/ carbon dioxide)
and physical (temperature, mixing) parameters are controlled thwatigthe
production procest® prevent undesirabRuctuationssignificantly affecing product
yield and qualityOperating onditions are optimised utilisg scaledown bioreactor

models and parameters are either maintained (vokimdependent) or
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propationally scaled up (volumdependat) in full-scale validation studies prior to
largescale product manufacturirfli et al, 2010.

Advances irmediadesign feedng regimen andbioreactorcontrol strategies
have been the major source of yidlicreases during the past twenty years
Predominantly this has been achiewmsdfacilitating improved cell growtlprofiles,
whereby celbiomass igapidly accumulatedproliferationphase)and subsequently
maintained forextended periods of time (produari phase) Hackeret al, 2009.

Cell growth dynamics are increasingly being optimised by employipbabic
bioreactor processeshere proliferation and production phases are maintained at
37°C and 32°C respetively. Hypothermic conditionsrrestcell grawvth, increase

culture longevity, and enhance specific productivitfagterton and Smales, 2014

1.2.6 Downstream processes

Although this thesisfocuses on novel upstream procdsghnologies a brief
summary of downstream process steps provides apletenovewiew of
biopharmaceutical manufacturingCells/ cell debris arefirst removed from
bioreactor cell culture mediaybcentrifugation and filtrationusing depth and
membrane filters. Productprotein is specifically captured by affinity
chromatography (for example, Protein A chromatography for mAbs) to remove host
cell proteins and DNA, prior to a low pH viral inactivation stéfmgwoodet al,
2013. Polishing processesemploying ion exchange and size exclusion
chromatographyamove host, product and process impurities to regulstarydard
concentrations. A final viralemoval filtration precedes an ultrafiltration step to
concentrate the product in formulation buff@huklaet al, 201Q. The resultant
product can be utiligkas a therapeutic drug, completing the pathway from potential

drug candidate gene sequence to purified biopharmaceutical protein.

1.3, Biopharmaceutical manufacturing requires disruptive step-change

innovation

Despike over two decades of bioprocess developnagrat optimisatiorthereis still

considerable scope for innovation at ebgpharmaceutical production processp.
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Moreover, dramatic evolutionof the biopharmaceutical industry is placing
continually increasig demand, and necessity, to deliver these potential disruptive
stepchange advancementubstantiapressure isurrently beingapplied from key
decision makers (governments, healthcare systems, insurance companies, and

regulatory bodies), patients, atiek biopharmaceutical companiteemselves

1.3.1 Industry Pressure

The blockbusterera has likely ended due to increased competitioa. Mmultiple
biologics available for the same condispnreduced patient populations per drug
(most new therapeus coming to market treat conditiongth relatively small
patient populationsand the rise of biosimilaf€alo-fernandez, 2012Accordingly,
there issignificant presste to i) improve product qualitiekd provide superior
therapes ii) reducemanufacturing costs to improve coptbfit per doseand iii)
shorten developmeritmelines to maximise the period of patgmotected market
exclusivity (Morton and Kyle, 2012) Further bioindustrial portfolios of candidate
biopharmaceuticals are diw#flying to include manydifficult-to-express(DTE)
proteins, such as fusion proteif&oductionyields of DTE proteins are typically
low, with many candidatedeing inexpressible and impossHitemanufacture
(Pybus et al, 2014) Cell host capabilities e therefore critically restricting
production, necessitatingevelopment ofmnextgeneration cell factorieby either
adopting new systems or engineering existing ones. Finally, the risk of product
failure is increasing due to stricter regulatory apprgualcesses and increasing
target complexity. Of the small proportion of drug candiddtasadvance to clinical
trials < 20% subsequently gain regulatory approyBiMassi, 2014) Significant
reductions in development costs are required to enable companasorbsuch
productfailures whilst maintaining profits. Further, the risks of {stege failure
need to be minimised; potentially by building quality into products and
implementingstreamlined biomanufacturing processes with oupd predictability
and control (Elliottet al, 2013).

1.3.2 Patient pressure

Ultimately, the true value of biopharmaceuticals is their ability to extend, improve,
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and save patient lives. As a result of extendedelfeectancyand widespread
adoption of cancecausing kBhaviours (smoking, inactivitgtc.),increasing portions
of the populationare requiringtreatment for cancer and central nervous system
di sorders (e. g. d e méMuatiottoset al, RA1F hegaletmad,r 6 s
2013) Biopharmaceuticalsepresent the most effective, and in many casdy,
therapy for these conditions. Whilst this presents significant opportunities for
industrial profits, at current cogter-dose itis becomingeconomically impossible to
provide biopharmaceutical therapy such large patient populations Indeed,
increasinglypatientsare being deniedccess to potentially lifsaving extending
biologics Further, millions of patients currently suffering Htbanging morbidity
couldbenefit frombiopharmaceutical therapfyit were not considered economically
intractable (Kelly and Smith, 2013) Moreover, the effects of globalisation are
exponentiallyincreasing the healthcare demands in developing couriféesalet
al., 2011) Therefore, thavorstcasescenario whereast, rather than capability, is
the primary variable affecting patient outcomes is likely to be exacerbated in the
nearfuture. Significant reductions in biopharmaceutical costs are therefore
immediately required.

Development of modular, plugndplay platform processess a promising
strategy to significantly reduce production costs, minimise developtimeealines
and enable teeamlined, flexible manufacturingSuch technology may facilitate
patient optimised (stratified or personalised) medicine, whiih likely require a
pipeline capable of delivering high yields froguick, lowvolume manufacturing

processewith minimal optimisation.

1.3.3 Decisionmaker pressure

Current moded of healthcare spendingre considered unfeasiblend governments

are attempting toreduce healthcarexpenditurein the short term angrovide a
roadmap forsustainable spending in the futu(®liller, 2012) Ultimately the
solution to these challengas to either buy fewer druger pay less for them.
Accordingly, mlicy-makers, payers (in the U.S), and healthcare bodies (such as
National Institute for Health and Clinical Excellenicethe U.K) are increasingly
choosing cost as their primary decisimaking factor, reinforcing the requirement

for disruptive innovation in biologics manufacturing to reduce cqsdrtherapy.
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Additionally, regulatory bodies have become progressively more cautious
throughout the pastecade demanding both higher product standards and increased
advancement over existing therap{®forton and Kyle, 2012)Consequently, there

is a criticalneed to both improve product qualities and enable production of DTE

proteins.

1.3.4 Critical ly required biopharmaceutical manufacturing developments

Disruptive stepchange innovations ibiopharmaceutical manufacturireye clearly
required to enabléhe ideal solution whereby decisionakers can seledtiologics
therapies dering optimal patient outcomewhilst delivering sufficientindustry
profits. Currently, theten most critically requird biomanufacturingdevelopments

are as follows

. Increased titers via improvementsspecific productivityand IVCD
. Reduced costs of product development and manufacture

. Faster product spe¢d-market

. Enhanced, and more predictable, produetity

. Higher yields from TGE

. Increased manufacturing flexibility

. Development of standardised platform processes

. Increased cell factory capability

© 00 N O O A W N P

. Removal of production instability
10. Better prediction, and minimised risk, of prodizsture

In_simple terms we need to produce better drugs, cheaper and faster, and every

biopharmaceutical production proces$sppresents opportunities to achieve this.

1.4 Gene expression control technologyrepresents a suboptimal

biomanufacturing component

Innovative gene expression control technologiesneededb facilitatemany of the

critically required biomanufacturing development&xpressioncassettescontain
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multiple subcomponents including promoters, untranslated regi{@hiBRs), and
expressia stability elements. Cumulatively, these components control transcription
and translation rates of both the product and selecharker genes.However,
despite critical importance in determiningroductivity, CHO gene expression
control technologys a severely unoptimised manufacturing compangexpression
cassetteelementswould ideally enable sophisticated, optimisable control of all
critical parametersi.e. product and selection marker transcription and translation)
However, currently, vectoengineering involves theelatively primitive process of
selecting componentswith rigid parameter outputsrdm a restricted toolbox
Precision controllability, predictability, and prodtsgecific optimisation are
therefore impossible. Given that i$uloptimal expression cassette®ck-in
production limitations at the beginning of the manufacturing process that cannot be
overcome with downstream optimisatiai), currenty utilised expression control
technologieslack desirable functionality and exhibivell-known undesirable
characteristics and iii) product gene transcription and translation rates are well
established critical ratimiting factors in biopharmaceutical productjome simply
cannot continue tengineer production vectors from a limited sEblunttool parts.

The catalogue of currently availablsomponents will now be detailebeginning

with a brief overview of translatioand expressiostability control options before
turning to the focus of this thesend major opportunity fodelivering disruptive

innovation, transcription contrelements

1.4.1 Defining the current toolbox: posttranscriptional regulatory elements

Recombinant mRNA translatiorateshave been shown to be a critical rate limiting
factor in biopharmaceutical prodian (Lattenmayeret al, 2007; McLeodet al,
2011; O 0 €taal, RH D Aranslation of a given mRNA is a function of
MRNA export, localisation, and stability, and the specific sraié translation
initiation, elongation, and termination. These six parameters are regulated by
el ement s wiUTRsamd the grodachcddin@ sequerf¥@n Der Kaleret
al., 2009; Jacksoet al., 2010)

Under normal cellular conditions the firstep in translation, ribosorme
binding, i's medi aHewtverbunderscéll stressdsAcomenangy
found .g. hypoxia, stationary phase growth) and specifically employed
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(hypothermia) during manufacturing processesapdependent translation is
repressedAl-Fageehet al, 2005) Internal ribosome entry sitgsequences able to
specifically recruit ribosomesia capindependent mechanismsan be included
within 56 UTRs to maintain trans(leti on r
et al, 2005;Koh et al, 2013) 56 UTRs al so optinpsecckazd y con
sequence to facilitate higHevels oftranslation initiation(Rita Costaet al, 2010)
Further, introns are routinely employetd confer efficient mRNA export,
cytoplasmic localisation @hincreased stability against degradation (Bickeelal,
2012) As intragenic introns are undesirable due to potential formation of splicing
variants Zago et al, 2009 production vectors typically contain a single intron
locatedwi t hi n t Ng et%ld 2010;TSRokoet al, 201). The adenovirus
tripartite leader sequence, which can both increase mRNA stability/ export and
facilitate capindependent translation initiation, is a further Gldrar act er i s ed
UTR element that can be used either injagoation with, or as an alternative to,
introns (Mariati et al, 2010) Mul ti ple desirmdbdrecoftettd UTR
incorporated irasinglecisregulatorye | e ment by wutilising 506 L
(frequently hCMVAIEL) (Ng et al,, 2010)

Therearce ompar ati vely fewer component opt
The two most commonly employed elemeate the Woodchuck Hepatitis Virus
Posttranscrifponal Regulatory Elemenwhich directs efficient mRNAexport and
SV40 polyadenylation signalghat fundion to increase translation initiation and
inhibit MRNA degradatiofWulfhard et al, 2008; Rita Costat al, 2010) Product
coding sequences themselves significantly affect translation rates and are routinely
optimisedin silico using bioinformatic toa to remove cryptic splice sites, optimise
codon usage, eliminate mRNA destabilising motifs, and reduce CpG c@kédnly
et al, 2006; Baueet al, 2010; Fathet al, 2011). In the neauture nextgeneration
translation control systems may enable ssiutated precise regulation of
translation rates that can lptimised specifically for each produd-or example,
Ferreira et al. describe the production o& synthetic RNA element library,
comprising short upstreamapen reading framesORF9 and varyimg translation
initiation sites, that facilitate userdefined translation levels of individual genes
(Ferreiraet al, 2013)
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1.4.2 Defining the current toolbox: expression stability enhancing elements

Recombinant CHO lones typically exhibit low andbr unstable product gene
expression as fnctional consequence of the local chromatin structure aitthef
integration (SOI) (Zhu, 2012)Heterochromatic regions, characterised by highly
condensed structures and unfavourable -passslational modifiations of core
histone tails (e.g. deacetylatiatephosphorylation, methylation an@iquitylation),
are inaccessible to the transcriptional machinery and therefore repressive to
transgene expressidhiuisinga, 2006) The vast majority of integration evsnare
within thesetranscriptionally norpermissive regiongjecessitating the screening of
several thousand clondg isolate rare higiproducers (Laiet al, 2013). Further,
(and perhaps more importantly, given ttievelopmentof high-throughpt clone
screening technologiegxpression in higiproducers is often silenced over time due
to the spread of meby heterochromatin regior{se. positional effect variegatign
(Girod et al, 2005; Kim et al, 2012). Moreover, evenrelatively minor
unfavourable dcal chromatin structureemodifications can significantly impact
protein titers by reducing the frequency of transcriptional buRitbréughet al,
2012.

Elements that maintain integrated gene copies in transcriptionally active
genomic regions armcreasingly being utilised in production vectors to i) increase
the occurrence of highroducing clones, ii) enhance productivitiytop performing
clones iii) facilitate longterm expression stability, and i®nable copynumber
dependent expressidevels, with increased productivity per copy number. Strategies
are centred on either forming and maintaining euchromatic regiotifse SQO| or
specifically targeting the expression cassette to transcriptionally permissive sites in
the CHO genome. The formerost commonly employ scaffold/ matrix attachment
regions (S/MARS), sequences that naturally occur at the boundaries of
transcriptionally active genomiegions S/IMARs prevent hetechromatic spread
by acting as boundary elements and promote localised @uakin formation by
recruiting histone acetyltransferases, chromatin remodelling complexes and
components of the transcriptional machinef@irod et al, 2007) Multiple
endogenous and exogenous S/IMARs have been shown to be extremely effective at
promotinghigh-level, stable expression in CHe2lls (Kwakset al, 2003; Wangget
al., 2008; Wanget al, 2012) Examples of the latter strategy most commonly
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employ recombination mediated cassette exchange (RMCE), whereby both the
identified genomic integrationtsi and the expression cassette are tagged with the
same specific recombinase recognition sequences. Whilst this approach is limited by
the availability of genomic hotspots and the requirement to isolate new host cell
lines, RMCE has been shown to produtabke, highly productive clongslehlsenet

al., 2009;Zhou et al, 2010) Moreover, aailability of genomic and transcriptome
datashould significantly improve RCE in CHO cells by enabling identification of
novel integration loci(Xu et al, 2011) Futue vectors will likely benefit by
combining both strategiesi.d. RMCE utilising S/MAR ontaining expression
cassettes}o facilitate both insertion into, and maintenance oftanscriptionally

active chromatin regions.

1.4.3 Defining the current toolbox: transcriptional regulatory elements

Product gene transcription ihe first step in protein expression ad critical
parameter affecting productivity. Multiple studies evaluating the relative cahabl
discrete cellular processes exert on produdtiave identified transcription rate as a
major rate limiting factorNleadet al, 2008; Chusainowt al, 2009;McLeodet al,
2011; O 0 & all 20H) g Transcriptiorratesare controlled by gengpecific
regulatory elements, comprising copeomoters, proximaldistal promoters and
enhancersTranscriptional output of a given gene is functionally determined by
interactions between transcription factors (TFs) and their cognate binding sites
(transcription fator regulatory elements (TFREs)yithin these elementgo
overcome multiple ratémiting process steps (Coulat al, 2013) TFs function as
activators or repressor® either relieve or imposeegulation at each stepy
interacting with, and/or recruiting accessory proteins to, the s@iptional
machinery The mechanistic function of FTHRE interactios has highlevel
complexity owing to the fact that i) TF expression antvity is highly regulated, ii)
individual TFs can function as either activators or repressors depangingélular
state andii) spatial positioimg of TFREs within promoters,and combinatorial
interadions between locally bound TFsgnificantly affect TF activityfFudaet al,
2009) The rate of transcription of given gene at a specific tinpeint is therebre

determined by the TFREs presentita promoter, their combinatorial and spatial
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configurations, and the complement of TFs active in the cell. Prorooteponents

for CHO cells fall into three discrete categories; viral, endogenous, and synthetic.

1.4.31. Viral promoters

Cell permissiveness to viral infection is often determinedihys promotemactivity.
Promiscuous viruses have acdogly evolved complex promotersontaining
multiple discrete TFREs ttroaden their host cell rang€Stinski andlsomura,
2008) Specifically designed to acced3$-sthat are active in most cell typesral
promotersexhibit high activity in most mammalian cell lines. Unsurprisingly, they
are therefore a populahoice forrecombinant genexpression in divergent cell
types, including CHO, and many production vectaibse strong viral promoter®
control product gene transcription (Birch and Racher, 2006; Rita €bsia 2010;
Dattaet al, 2013)

Historically, thehCMV-IE1 promoter hadeen utilised to driveonstitutive
strong expression ithe vast majority of production vecto(Birch and Racher,
2006; Rita Costat al, 2010; Datta et al, 2013However,both mousend rat CMV
IE1 promoters (IMCMMEL, rCMV-IE1) have been shown to akit higheractivity
than hCMVIEL in transient and stable CHO cell transfectgpt® et al 2006).
Accordingly, mCMM£IE1 has been employed somerecent production vectors and
has been adopted by at least one {metiwn contract manufactureAlthough
infrequently utilised, multiple other viral promoters also have characterised high
activity in CHO cells, includingsimian virus 40 early promoter and enhancer
(SV40E), adenaws major late promotemyeloproliferative sarcoma nds long
terminal repeat (LR), rous sarcoma virus LTRand human immmodeficiency virus
LTR (Makrides, 1999; Pontillieet al, 2008) All of thesepromoters must contain
one or more constituent TFREs able to bind cognate TFs present in CHO cells.
However, little is known aboutow they function mechanistically in the CHO cell
and therefore strategies to precisely control or improve their transcriptional activity
are not available.Ais is particularly problematic given that they are ofissociated
with a number of undesirableioproduction characteristics, such as induction of
cellular stress and activation of apoptotic pathw@antillier et al, 2008) Further,
many (including hCMVIE1l) havebeen shown to be cell cycle dependent, with
greatest activity during -Bhase; potentiall limiting given that in a fedbatch
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production over half of the integral cell area exists in the stationary fDase,

2006; Prentice and Tonkin, 200Mloreover hCMV-IE1 is known tocontributeto
production instability via promotenethylation and gene deletion (Yaeigal, 2010;

Kim et al, 2011) Accordingly, viral promoters are increasingly being considered as
unsuitable for manufacturing processes and in recent years many companies have

replaced them with endogenous promoters.

1.4.32. Endogenous promoters

Mammalian cells require constitutive expression of multiple genes to maintain
cellular homeostasisT r anscri pti onal r ekgeud pitn gon g4 n et
accordingly controlled by constitutively active promoteBchvanhausseet al,
2011) . EndogenolwsepCH@O6 6hense promoters
specifically evolved to deliver constitutive, stable expression in the host cell factory.
Although they are generally not as active as viral alternatives their expressio
dynamics are therefore better suited to manufacturing processes, making endogenous
promoters attractive candidates for controlling pradgne transcriptian

Strategies to isolate novel endogenous CHO promoters have involved i)
utilising regulatory seqgnces from highly expressed genes, ii) employing promoters
specifically suited to bioprocess conditions, and iii) screening the CHO genome for
transcriptionally active elements. A successful application of stratatppded that
regulatory elements from ¢nChinese hamstelomgation factorl U ( GIHEF gen e
significantly increase@ i 35 fold) expressiorof several proteing stableCHO cell
clones, relative to hCME1 (Running Deer and Allison, 2004The CHEF1J
promoter has since beetilised in manyproduction vectors. More recently, ke¢al
utilised transcriptomics data to identify CHO endogenous promoters with desired
expression dynamiad.e et al, 2013) Whilst this is a promising avenue to identify
promoters with discrete expression levelsah be a significant challenge to define
the genomic regulatory sequences controlling expression of specific §tragsgy
2 has been utilised to isolafgomoters exhibiting high activity during stationary
phase bioreactor cell growth orderto synchronise expression withe production
phase (for examplderritin heavy chain and growth arrest and damagecible 53
promoters)de Boeret al, 2004; Prentice and Tonkin, 200 FRurther, endogenous

promoters highly active at 32 have been desbedto optimise expression rates
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during biphasicbioreactor process€$haisuchatt al, 2011) The third strategyas
predominantlyinvolved randomlyinserting CHO genome fragments upstream of
reporter genes and screening fmotein expressiorto identify transcriptionally
active sequeces (Pontilleret al, 2008; Pontilleret al, 2010; Cheret al, 2013).
These nortargeted approaches haisslated lowactivity elements that may have
apgication when higHevel product expression is cytotoxic.

Whilst they offer some improved functionalities over viral alternatives,
endogenous promoters have two significant limitations. Firstly, they exhibit
inefficient transcriptionahctivity per unit DNA sequenc€€HEFID i s > 15x
than hCMVIEL), often requi i n g extensive 506 and 30
function effectively (likely due to MARike boundary elements within these
regions). Secondly, and far more importantly, they are bhaais evolved for
divergent functions thatare extremely unlikely to ele optimal product gene

transcription levels.Viral and endogenous promoters provide unpredictable,

uncontrollable functionality and cannot faiEte the sophisticated optimidea

transcriptional control that is required to achieve many critical biophegutical

manufacturinagevelopments

1.4.33. Synthetic promoters

Synthetic promoters can be defined asvel nonnaturally occurring sequences
capable of providing both) significantly highertranscriptionlevels than exist in
nature, and ii) controllable aeity, specifically tailored tadesired outputsSynthetic
promoters therefore offer a potentially attractive solution in Gié{s as they can

replace functionallyill -defined and uncontrollable getie elements in expression

vectors with sophisticated, bespoke controllers with predictable function.

Synthetic promoters have been traditionally produced by screening either (i)
randomised DNA sequences or synthetic oligonucleotide repeats or (ii) asseofbl
known cis-regulatory elements (e.gTFRE9, both upstream of minimal core
promoter motifs.Studies have demonstrated that the exquisite gene expression
control offered by synthetic promoters is highly conggpendent, necessitating
promoters to bespecifically constructed for each host cell tyj@xhlabachet al,

2010) Whilstsynthetic promoter libraries have been designed to function in a range
of microbial bioproduction hosts, such @orynebacterium(Yim et al, 2013),
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SaccharomycegqBlazeck et al, 2012), Pichia (Stadlmayret al, 2010) and
Streptomyce$Seghezzet al, 2011) and also in certain mammalian cglFRerreira

et al, 2011; Ogawaet al, 2007; Schlabacht al, 2010) few studies has previously
explored the utiligtion of synthetic promoters in CH(Hitoshi et al engineereda
singlesynthetic hybridoy fusing the chicken AG and hCMIE1 promotergHitoshi

et al, 1991) On a larger scale, Tapa et al.created a small pool of promoters (< 20)
with a tenfold rangen activity by randomising the sequences separating TFREs
within a chimeric promotefTorngeet al, 2002) Further, Grabhewt al.constructed

five synthetic promoters with approximately equivalent activities by constructing
contiguous sequences withakeotide compositions mimicking those found in highly
active promoterg¢Grabherret al, 2011) Both of these studies targeted broad activity
in mammalian cells (tested in multiple diverse cell lines) and neither sought to
specifically design synthetic pmwters to function in concert with the
transactivational machinery of CHO cell factories. Accordingly, neither of these
small libraries enable predictable, precise, robust control of CHO gene expression
over broad dynamic ranges and synthetic promotervitees reported were
significantly below that ohCMV-IE1.

Ligand-controllable synthetic gene switches are an alternative synthetic
transcriptionalcontrol strategythat ha seen considerable developmental effort.
Typically these systems comprise a synthetic Temprising a mammalian
transactivation domain fused to a prokaryotic resporegpilato), a gnthetic
promoter (comprising cognald-REsfor the synthetic T); and & inducer molecule
that modulates THFRE binding kinetics to switch transcription afif (Tigges and
Fusseneggel 009 Weber and Fussenegge?010. Multiple such systems, utilising
variable TFs, TFREs and inducers, have been desanl@HO. Early sysemswere
restricted by employingnducer moleculeshat wereincompatible with bioreactor
manufacturing due to adverse cellular effects, difficult downstream processpg)
and regulatory concerr{g.g. antibiotics, hormonesjetal ion$ (Walteret al, 1991,
Jameset al, 2000; Fux and Fussenegger, 200B)ore recent systemdave
addressedheseissuesby utilising common regulatorgpproved media components
as inducer molecules, such as amino acids, gasésitamins (Hartenbachet al,
2007; Webeet al., 2009;Gitzingeret al, 2012) Modern systems also benefit from
optimised expression control dynamics with improved inducer responsiveness and

more rapid onfoff switching. However, whilst these systems offer aif (and a
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degree of liganditratable) transcriptional control, their implementation is inherently
relatively complex, requiring coordinated expression of the syntheti@anithe
engineered target gene constractd the inducer molecule. Moreover, precision
control over abroad dymamic rangeis currently unachievable and all systems
described to date amggnificantly weaker tharhCMV-IELl. They are therefore an

inherently less robust solution than the use of synthetic promoters.

1.5. Innovative gene expression control technologgould enable multiple

critically required biomanufacturing developments

This thesis hasthus far presented the following facts) biopharmaceutical
production is of considerable importance from both andm and economic
perspective, PCHO cells are the major biologics production cell hoghefpresent
and neaffuture, 3 all bioproduction process stepgresent opportunities for
disruptive step change innovation) #his innovation is urgently required to meet
demands from patientsindusty and key decision makers, and Surrent
transcriptional control technologyepresentsa suboptimal,productivity-limiting
manufacturing component. This sectities a thread between these points by
detailing howsophisticated transcriptionabntrol could facilitate development of
nextgeneration biopharmaceutical manufacturing systenfis blueprint
specifically outlinesthe opportunities available at each process step, the innovative
promoter technologies required to exploit them, and titeeal biomanufacturing
developmentshatcouldbe enabled.

1.5.1 Opportunity 1: engineering nextgeneration synthetic CHO cell factories

Processupstream process-Xkell factoryselection

Current Imitation: current cell factoriesexhibit unoptimised bioproduction

functionalitiesandareunfit-for-purpose

Potential solution:engineer nexgeneration synthetic cell factories specifically

optimised for biopharmaceutical production
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Required technology: CHO-specific sophisticated gene expression aintr

technology enabling pdictable controllabletranscriptionregulation over a broad
dynamic range

Critical developmenenabledincreased cell factory capability

CHO cell factories are unoptimisddr biopharmaceutical production and exhibit
productivity-limiting performancein critical functionalities such as proliferation,
apoptosis, protein folding and glycosylation (Kenhal, 2012; Dattaet al, 2013).

To date, improvements in factory perftance have been achieved via cliegl
evolution and mutagenesigor example adaptation to sertfree suspension culture
(Hackeret al, 2009. Whilst these approaches enable incremental advancements,
they are uncontrollable and unpredictable, and ihésefore widely acknowledged
that nextgeneration cell factory engineering will require implementation of synthetic
biology strategiegPasottiet al, 2012; Esvelt and Wang 20113

Previous CHO cell synthetic engineeringattempts have predominantly
involved tailoring theexpression o$ingle genesWhilst this approach has seen some
success for example the Glycat-Roche and Potelligent glyeengineering
technologiesthesesimple, smaliscale attemptiave unsurprisingly proved largely
ineffective Umaidaet al, 1999; Yamanéhnuki et al, 2004; Kildegaardet al,

2013. Tinkering with afew componentdrom amongt thousands within the cell
factoryés incredibly complex design spac:
Biophamaceutical production wuolves thousands of endogenous proteins in

multiple cellular pathways andert-generation CHO cell factories wiiccordingly

require sophisticated mitigene engineering strategiashere the expression of

multiple genes is stoichiometrically baland@innis and James, 2005; Gugé al,

2013).

Large-scale synthetic engineering requires seven key enabling technologies:
genomics (Lewiset al, 2013), transcriptomics/ proteomics/ systems modelling
(Kildegaardet al, 2013, DNA synthesis (Meet al, 2012), nultigene engineering
systems (Torell@t al, 2014), highthroughput screening toolkdi et al, 2013 and
sophisticated gene expression control technology. Of these, only the latter is
currently unavailable for CHO cells. Stoichiometricabiglancing the expression of
multiple genes will require the ability to select (or rapidly design) promoters with
appropriate desired activities. Predictable control of transcriptional activity over a
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broad dynamic range would facilitate construction ahptetely novel design spaces

with bioproductioroptimised cellular functionalities (e.g. factories that are resistant
to apoptosis, have increased viable cell densities, and provide optimised product
glycosylation). Currently unfifor-purpose CHO cell faoriescould accordingly be
demolishedand rebuilt according to specific design instructio8gnthetic cell
factories, optimised for biomanufacturing and operating at maximal productivity,
could potentially enable all ten of tledtical bioproductiondevelopments detailed in

section 1.3.40 facilitate manufacture of better drugs, cheaper and faster.

1.5.2. Opportunity 2: enabling productspecific optimised transcription rates

Processupstream procesx- vectorengineering

Current Imitation: productgene transcription rates routinely limit productivity

Potential solutionspecifically optimise the transcription rate of eaelhombinant

protein.
Required technology:systemspecific sophisticated gene expression control

technology enabling precise,galictable transcription controlver a broad dynamic
range

Critical development enabled: increased titers via improvements in specific

productivity.

Recombinant gene transcription has repeatedly been identified as a rate limiting
factor in biopharmacdical production. Productivity is a function of multiple
discrete cell factory processes.e( transcription, translation, protein folding,
assembly, glycosylation, and secretion) and therefore optimal transcription rates are
proteinspecific, dependentpon t he f actoryos capacity
processes. FAETE proteins, where transcription rates have been shown to exert a
high level of control over production, transcription rates are typically too low, failing
to take full advantage of downstreafactory capability (McLeodet al, 2011;
O'Callaghanet al, 2010). For DTE proteins, where maxinmg transcription is
unlikely to be beneficial as ER folding and assembly processes assume
proportionately greater control over synthetic flux as protegwime more DTE,
transcription rates are typically too high, inducing downstream bottlenecks leading to
unfolded protein responses, cellular stress and apoptosis (&iratl 2013; Le
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Fournet al, 2014). For mAbs, where light chain : heavy chain trapton rate
ratios are a critical parameter effecting productivity, transcription ratios are typically
suboptimalresulting in inefficient folding and assembly (b al, 2013; Pybuset

al., 2014). Clearly, maximising productivity of most biopharmacegieall require

the ability to provide optimised recombinant gene transcription rates that are
kinetically coordinated with polypeptiekpecific downstream process rates.
However, this is currently intractable given that available promoters are restacted t
enabling avery limited set of discrete activities. Libraries of CHpecific
promoters with hundreds (or indeed thousands) of discrete activities covering a
broad dynamic range would facilitate prot@romoter matchmaking to specifically
optimise traneription rates for each product. Such technology could potentially be
utilised to increase productivity, and titers, for the vast majority of

biopharmaceuticals

1.5.3 Opportunity 3: maximising transient expression yields

Processupstream processi transient expression

Current Imitation: low recombinant gene expression levels limit productivity

Potential solutionincrease recombinant gene transcription rate

Required technologypromoters with significantly increased activity compared to

existingalternatives.

Critical developmengnabledhigher yields from transient production systems

TGE is utilised to rapidly produce grams of developmental material for use in
toxicology studies process development, and product quality evalugfaidi et

al., 2007). Moreover, significant time and cost advantages over stable expression
systems have seen growing interest in utilising TGE for laogée manufacturing. If
regulatory concerns surrounding protein quality, process consistency and product
safety canbe addressedTGE could potentially enable significantly increased
manufacturing flexibility (Cairet al, 2013).However, despite significant progress,
TGE systems currently provide relatively poor yields, where low recombinant gene
expression levels ara critical productivitylimiting factor (Zhu et al, 2012).
Currently available promoters (the vast majorityhese systems utilisegCMV-IE1)

are therefore incapable of maximising transcription rates in these systems.
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Availability of new promoters witlsignificantly increased activity compared to the
current TGE promoter of choicdhCMV-IE1) would enable increasettansgene
expression rates and facilitate significant improvements in transient production
yields. This would further reduce the cost and tiaseociated with productioof
developmental materiand, more importantly, would be a significant step towards

enabling TGE as a method for largeale therapeutic protein manufacturing.

1.5.4 Opportunity 4: shortening the cloning process

Processupdream proces4 i cloning

Current Imitation: isolation of stable higiproducing clones is timmtensive and

significantly slows speetb-market

Potential solutionincrease the frequency of higinoducers and minimise expression

instability.

Requiredtechnology:promoters that enable optimised selection mairegrscription

ratesand improved product gene expression stability.

Critical developmengenabledfaster product spegd-market

Selection marker gene expression levels are a key determinant of cloning efficiency
(Lai et al, 2013). Ideally, selection gene expression would be optimised to enable
specific selection of high producing clones containing either multiple gene copy
numbersor integration events in highly transcriptionally active @it loci. This
woul d redquildecks&d trameechigh enbughonprevera t e s
survival of lowproducers andow enoughto allow survival of sufficient clone
numbers. However, thilevel of control is currently unachievable and the vast
majority of production vectors utilise the relatively weak SV40E promoter to
regulate selection marker gene transcription. Predictably, this element provides
unoptimised functionality, routinely salting in low average clone productiviiynd
necessitating both multiple rounds of gene amplification andtreening of several
thousand clones (De Jesetsal, 2011; Agrawakt al, 2012).

The ability to predictably and precisely control transcoiptin CHO cells
would enable optimised selection marker gene expressiancrease both average
clone productivity and the frequency at which hmducers occur. Moreover, if
bespokepromoterscould be engineered tcemove expression instability issues
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associated with currergroduct gene promoters (elgCMV-IE1 methylatior) the
failure-rate of latestage clones may be reduced, negating the requirement fer time
consuming stability studies(Li et al, 2010; Kim et al, 2011). Sophisticated
transcriptiond control technology could thereforgotentially be utilised to
significantly improve cloning efficiency and enable isolation of higher producers in

shorter timescales.

1.5.5. Opportunity 5: co-ordinate product gene expression withbioreactor

conditions and processes.

Processupstream proces$si manufacturing process development.
Current Imitation: product gene expression dynamics are not ideally suited to

bioreactor conditions.

Potential solution:synchronise expression levels with proliferatiombduction

phases.
Required technologypromoters specifically designed to function optimally in

bioprocess conditions.

Critical development enabled: increased titers via improvements in specific

productivity and IVCD

Protein yields are optimised wheel biomass igapidly accumulatedproliferation
phase)and subsequently maintained xtended periods of time (production phase)
(Hackeret al, 2009; Liet al, 2010. Accordingly, product gene expression would
ideally be minimised during the proliferation phase (to maximise cell growth rate)
and maximised during the production phase. However, currently available promoters
do not facilitate biphasic expression Kkinetickyr example hCMVIE1l is
preferentially active during proliferation phases (Dale, 20Q&and-controllable
synthetic gene switchemay potentlly offer attractive solutionsout inherent
complexity and relatively low expression levels limit their utilieat(\Weber and
Fussenegger,2010. Similarly, endogenous promoters preferentially active during
production phases have been described but typically provide insufficient levels of
activity (Prentice and Tonkin, 2007). Moreover, their functionality islefined,
preventing exploitation or control of desirable qualities. Synthetic promoters could
be specifically designed to provide optimal transcription dynamicsolmgtructing
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them fromcis-regulatory elementghat are preferentially aceévduring productin
phasesSimilarly, promoters could béurther refined for optimal functionality both

during desirable bioprocess conditions, such as hypothermia, and common stresses,
such as hypoxigMasterton and Smales, 20Q14UJtilising bioreactoroptimised,
specifially engineered promotersould both increase product tigerand enable

implementation of desirable bioreactor conditions that may be currently intractable.

1.6.Thesis overview

As outlined in section 1.5, innovative transcription control technologies have the
potential to deliver multiple critically required biomanufacturing developments. The
work in this thesis now describes the development of three such technologies that
cumulaively enable sophisticated, negéneration transcriptional control in CHO

cell factories

Chapter two details the materials and methods that were used in this study.
Chapter three presents the fiester synthetic promoterdesigned spéfically to
regulate recombinargene transcription in CHO cellSTFRE function in CHO cells
was functionally screened and active elements were utilised to construct libraries of
synthetic promoters that exhibited variable activity over two orders of magnitude,
significantly exceeding that of hCMNEL. Promoter functionalities were validated
in both different CHO host lines and through a {eaktch transient production
process. The precision control of recombinant gene transcription enabled by these
synthetic promoter will facilitate the design of novel, predictable synthetic
constructs for diverse CHO cell engineering applications.

Chapter four presenta novel form of TF decoys that are specifically
designed for use in CHO cells (TF decoys are short synthetic ebggducleotides
(ODNs) that sequester cognate transcription factors and prevent their binding at
target promoters). A method was developed whereby blocks containing discrete
transcription factor binding sites (TFRH#ocks) are combined into circular
molecdes, enabling rapid construction of chimeric decoys containing
stoichiometrically optimised ratios of input TFR#focks. It was demonstrated that
block-decoys were able to inhibit expression from multiple target elements

simultaneously in CHO cells usiregbespoke chimeric decdynabling investigation
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of any multtiTF mediated cell function or phenotygdock-decoys are a valuable
new tool for characterising and controlling CHO cell transcription.

In chapter five the mechanistic functionality of the hCNBA promoter is
systematically deconstructéal identify the discrete TFRESs that control its activity in
CHO cells hCMV-IE1 has been employed in the vast majority of regulatory
approved production vectgrgs currently used to drive expression of many
biopharmaceutical produgtand is the current promoter of choice for TGE systems,
yet surprsisinglyittle was previously known about how it functionedCHO celk.

In silico bioinformatics analysis (of bothCMV-IE1ls TFRE compositiomnd CHO
cellis TF comgement) and evaluation of the activity of discrete promoter regions
identified a design space that was interrogated via TF segues (utilising block
decoys)and TFRE knockout (utilising synthetic CMV constructs with scrambled
TFRE sequences)t was cetermined that ithe vast majority of CMVs activity
within CHO cells is depatentupon just two TFRESNFKkB and CRE, and ii) YY1 is

a negative regulator of the CMV promoter in CHis mechanistic understanding
of hCMV-IE1Gs functional regulation enables strategies to predictably coaebl
improvetheactivity of this commonlyutilised genetic component lgngineering the

promoterds TFRE composition or the cel
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Chapter 2: Materials and Methods

This chapter details the materials and methods that were used in this study.

2.1. Vector construction

2.1.1 Promoterless reporter vectors

A promoterless vector was subcloned from pSEAP2control (Clontech, Oxford, UK)
by PCR amplification of appropriateestor regions with Phusion high fidelity
polymerase (New England Biolabs, Hitchin, UK) using the following primer pairs
(Sigma, Poole, UK)PVForwardl: ®ATGCC TCGAG CTTCG AATCG CGAAT

TCG and PV Re v er-#@TCA AGHT TTACC ACATT TGTAG AGG;
PVForward2:5 -ATGCA AGCTT ACCGG TGGAT CCGTCGACCG ATGC and
PVRever A\BGCA ATBAT CTCGA GCCCG GGCTA GC. Amplified
fragments were digested with Xhol and HindlRromega, Southampton, UKgel
extracted (Qiaquick gel extraction kit; Qiagefrawley, UK)and ligatel with T4

DNA ligase (Life Technologies, Paisley, UK). Recombinant plasmid was amplified
in E. coliDH5Ucells and purified using a Qiagen plasmid mini kit (Qiagen). Finally,
correct plasmid construction was confirmed by restriction analysis and DNA
sequening. A second reporter plasmid was created by replacing the secreted alkaline
phosphatase (SEAP) open reading frame (ORF) with the turbo green fluorescent
protein (GFP) ORF. Unless otherwise stated, all vectors in this study were

constructed and analysading the same methodology.
2.1.2 Core promoter-reporter vectors
The core promoter sequees shown in &ble 2.1 were synthesised (Sigma), PCR

amplified,and cloned into Xhol and EcoRI sites directly upstream of the SEAP ORF
in the promoterlesSEAPR-reporter vector.
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Table 21: DNA sequences of core promoter constructs used in this study

Core Sequen8aé)( 506

promoter

construct

CMV AGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGC
CTAGATACGCCATCCACGCTGTTTTGACCTCCATAGALAC

CHEF1U GAACGGTATAAAAGTGCGGTAGTCGCGTTGGACGTTCTTTTTCG
CAACGGGTTTGCCGTCAGAACGCAGGTGAGTGGCGGGTTTG

Supercore AGGCTTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGC
CTAGATAGACATCCACGAGCGGACGTGCGTTTTAGAAGRC

Synthcore2 AGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATTCTT
CCGGATAGCTGTCTACGCTGTCAGCTGCTCCATAGAGAC

TA box AGGTCTATATAAGCAGAGCTCGTTTAGTGAACCGGTGACACGC
CTAGATACGCCATCCACGCTGTTTTGACCTCCATAGALAC

INR AGGTCACGTCCGTCAGAGCTCGTTTAGTGAACCGTCAGATCGC(
TAGATACGCCATCCACGCTGTTTTGACCTCATAGAAGAC

MTE.DPE AGGCTACGTCCGTCAGAGCTCGTTTAGTGAACCGGTGACACGC
CTAGATAGACATCCACGAGCGGACGTGCGTTTTAGAAGRC

DCE AGGTCACGTCCGTCAGAGCTCGTTTAGTGAACCGGTGACATCTT
CCGGATAGCTGTCTACGCTGTCAGCTGCTCCATAGAGAC

2.1.3 TFRE-Reporter Vectors

Synthetic oligonucleotidegontaining 7x repeat copies of the TERonsensus
sequences in Table2were synthesesl (Sigma), PCR amplified, and inserted into
Kpnl and Xhol sites upstream of the CMV core promoter in the promoterless SEAP
and GFPreporter plasmids.

2.1.4. Synthetic Promoter Libraries

Synthetic promoter building blocks were constructed from complementary single
pdnockqtides (Signaarneakkd i $STE buffer (100
mM NaCl, 50 mM TrisHCI, 1 mM EDTA, pH 7.8, Sigma) by heating at 95°C for 5

min, prior to ramp cooling to 25°C over 2 h. Oligonucleotides wgigned such

stranded 56
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that the resulting double stranded bleatontained the specific TFRE (Talfe)

and a 4 TCGA

bp

Table 2.2: DNA sequences of transcription factor regulatory elements (TFRES) used to

construct TFRE-reporter vectors.

single

stranded

Transcription Factor Regulatory Element (RE) Sequence

Activator protein 1 (AP1) TGACTCA
CC(A/T)sGG element (CArG) CCAAATTTGG
CCAAT displacement protein (CDP) GGCCAATCT
CCAAT-enhancer binding pr otTTGCGCAA
Cellular myeloblastosis (cMyb) TAACGG

cAMP RE (CRE) TGACGTCA
Elongation factor 2 (E2F) TTTCGCGC

E4F1 GTGACGTAAC

Early growth responsgrotein 1 (EGR1) CGCcCccceae
Estrogenrelated receptor alpha RE (ERRE) AGGTCATTTTGACCT
Enhancer box (#0x) CACGTG

GATA-1 (GATA) AGATAG

GC-box GGGGCGGGG
Glucocorticoid RE (GRE) AGAACATTTTGTTCT
Growth factor independence 1 (Gfil) AAAATCAAC

Helios RE(HRE) AATAGGGACTT
Hepatocyte nuclear factor 1 (HNF) GGGCCAAAGGTCT
Insulin promoter factor 1 (IPF1) CCCATTAGGGAC
Interferonstimulated RE (ISRE) GAAAAGTGAAACC
Myocyte enhancer factor 2 (MEF2) CTAAAAATAG

Msx homeobox (MSX) CGGTAAATG

Nerve growth facteinduced gend& RE (NBRE) AAAGGTCA

Nuclear factor 1 (NF1) TTGGCTATATGCCAA
Nuclear factor of activated T cells (NFAT) AGGAAATC

Nucl ear factor kappa B (|GGGACTTTCC
Octamer motif (OCT) ATTAGCAT

Retinoic acid RE (RARE) AGGTCATCAAGAGGTCA
Yin yang 1 (YY1) CGCCATTTT

Random 8mer (8mer) TTTCTTTC
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For exampl e the s eqtREblack werewnsfoelldws {REitet he I
under | ITRGEGAAGCCGAGIBTCA-3 6 a-TACGABSGAAAGTCCCA-3 0 .

Synthetic promoter libraries were constructed by ligating block molecules at

appropriate stoichiometric molar ratios with high concentration T4 DNA ligase (Life
Technol ogie$®) ocRé6bébcbonanging Kpnl and Xh
ligation mixes at a 1:20 molar ratio of the RE blocks. The ligated molecules were
digested with Kpnl and Xhol (Promega), gel extracted (Qiaquick gel extraction Kkit,
Qiagen), and inserted upstream of the CMV core promoter in the promoterless SEAP

reporter vector.

2.1.5 Plasmid-decoys

A minimal TFREacceptor vector containing only the sequences required for
propagation in bacterigpUC Ori, AMPr) and a multiple cloning site (MCS) was
subclored from pSEAP2contrddy PCR amplification of appropriate vector regions
usi ng t he foll owing pri mer-AAGTEGI AASTC ( ST g ma
AGAAT CAGGG GATAA CGCAGG and PDRe v er 9A&CGA AGIOT
CATGA GACAA TAACC CTG, PDFor wa fAGIGCA AGCIT AGGTA
CGGGAGGTAC TTGG andP DR e v e r-ATEPG AABIG ATCTC GAGCC
CGGGC TAGC. Synthetic oligodeoxynucleotidesontaining 7x repeat copias
target TFRE consensus sequen(EFRE-ODNSs) were synthesised (Sigma), PCR
amplified, and inserted into the MCS to construct TFRRECIfic plasmiedecoys.
The TFRE consensusequences usei canstruct TFRE-ODNs were as follows:
NFaB-RE, GGGACTTTCC and N#B-RE-scrambled, AATCGCAAGT.

2.1.6. hCMV -IE1 promoter-variant reporter vectors

DiscretehCMV-IE1 promoter regions were PCR amplifieding the primer pairs
shown in Table2.3 and inserted upstream of the CMV core promoter in the
promoterless GHreporter vector.

Wild-type hCMV-IE1 (nucleotides 5957 1194 in accession number
M60321.) and synthetic promotarar i ant s with varying TFRE
(i.e. scrambled) wereysthesised (GeneArt, Life Technologies), gel extracted and
cloned upstream of the SEAP ORF in the promoterless SEAP repecter. TFRE
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sites were scrambled as follows: NFKBATCGCAAGT; CRE,CTACTGTG, and
YY1, TGTC.

Table 2.3: Primers used to amplify discretehCMV -IE1 promoter regions. F = forward,

R = reverseTSS =transcriptional start siteCRM =Cis-regulatory module

hCMV -IE1 promoter Pri mer sedB3éhces (50

region

Distal + proximal {560 F: TTATCTCGAGAGTTCATAGCCCATATATGGAGTTCC
to -50 relative toTSY R: ATCGGAATTCGTCTTCTATGGAGGTC

Distal (-560 to-300) F: TGGCGGTACCAGTTCATAGCCCATATATGG
R: ATAACTCGAGCAGGCGGGCCATTTACCG

Proximal €300 to-50) F: TAAACTCGAGGCATTATGCCCAGTACATG
R: ATCGGAATTCGTCTTCTATGGAGGTC

CRM 1 (-560t0 1 448) F: ATATGGTACOCGGGTCATTAGTTCATAGCC
R: ATATCTCGAGTACGTCATTATTGACGTC

CRM 2 (467 toi 354) F: ATAT GGTACCTTGACGTCAATAATGACG
R: ATATCTCGAGTACACTTGATGTACTGC

CRM 3 (375 toi 259) F: ATAT GGTACCCTTGGCAGTACATCAAG
R: ATATCTCGAGAGTAGGAAAGTCCCGTAAGG

CRM 4(-302 toi 192) F: ATATGGTACCCTGGCATTATGCCCAGTAC
R: ATATCTCGAGCATTGGTGTACTGCCAAAAC

CRM 5 (210 toi 92) F: ATATGGTACCITTTGGCAGTACACCAATG
R: ATATCTCGAGTTTGGAAAGTCCCGTTG
CRM 6 (143 toi 31) F: ATATGGTACCTGACGTCAATGGGAGTTTG

R: ATATCTCGAGGACCTCCCACCGTACACG

2.2. Cell culture and transfection

CHO-S and CHGK1 cells were cultured in CI@HO medium (Life Technologies)
supplemented with 8 mM and 6mMdlutamine (Sigma) respectively. CHOG44
cells were cultured in CIDG44 medium (Life Technologies) supplementethvd
mM L-glutamine and 18 mL/L pluronic F68 (Life Technologies). All cells were
routinely cultured at 37°C in 5% (v/v) G@n vented Erlenmeyer flasks (Corning,
Surrey,UK), shaking at 140 rpm and subcultured evedy dys at a seeding density
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of 2 x 10 cells/ml. Cell concentration and viability were determined by an
automated Trypan Blue exclusion assay using #Cé&fl cell viability analyser
(BeckmanCoulter, High Wycombe, UK). Two hours prior to transfection, 2 % 10
cells from a migexponential phasculture were seeded into individualllsef a 24
well plate (Nung. Cells were transfected with DNWpid complexes comprising
DNA and Lipofectamine (Life Technologiesdt a 1:3 ratio {g/ul), prepared
according to the man gfédadccellswereiinéubated for24 r uct
I 72h prior to protein expression analysi® eliminate potential promotg@romoter
interference, individual transfections did not include d@raasfected reporter vector
to compare transfection efficiencies. Howeweaich 24 well plate included a set of
three external reporters (CMSEAP, SV46SEAP and 7x CRESEAP) to confirm

reproducible transfection performance.
2.2.1 Fed-batch transient transfection

Two hours prior to transfection 6 x %6ells from a midexpmential phase CHS

culture were seeded into 50 mL CultiFlask bioreactors (Sartorius, Surrey, UK) at a
working volume of 6 mL. Cells were transfected with DNApofectamine

compl exes, prepared accor di ngbatthaculttehh e man
were maintained for seven days by nutrient supplementation with 10% v/v CHO CD
Efficient Feed A (Life Technologies) on day 2, 4 and 6. SEAP expression and cell

growth were measured at B4ntervals.

2.3. Quantification of reporter expression

SEAP protein expression was quantified using the Sensolyte pNPP SEAP
colorimetric reporter gene assay kit (Cambridge Biosciences, Cambridge, UK)
according to the manufacturerds instruct
using a Flouroskan AscentLH-lourometer (Excitation filter: 485 nm, Emission

filter: 520 nm). Background fluorescencabsorbance was determined in cells

transfected with a promoterless vector.
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2.4. Bioinformatics analyses

2.4.1. In silico analysis of transcription factor regulatory elements

The following promoter sequences were retrieved from GenBamkvV-IE1
(accession number M60321.1), mouse GCNBZ (M11788), rat CMVIEl
(U62396), guinea pig CMAE1 (CS419275), mouse CMIE2 (L06816.1) simian

virus 40 early promoter and enhancer (NC_001669.1), adenovirus major late
promoter (KF268310), myeloproliferative sarcoma virus long terminal repeat (LTR)
(K01683.1), rous sarcoma virus LTR (J02025.1), and human immunodeficiency
virus LTR (K034551). Promoters were analysed using the Transcription Element
Search System (TESS:http://www.cbilupenn.edu/cgbin/tess/tegs and the
Transcription Affinity Prediction tool (TRAP:http://trap.molgen.mpg.de/cgi
bin/trap_form.cgi according to the methodsgwiously described by Schy&chug
2008)and Manke et a[Mankeet al, 2008)

2.4.2. Analysis of hCMV-IE18& 4mer composition

To determine the relative abundance of every possible 4mer sequence, the hCMV
IE1L promoter was analysed using tliegulatory Sequence Analysis (RSA

http://rsat.ulb.ac.be) oliganalysis tool (van Heldegt al, 1998).

2.4.3. In silico analysis of synthetic promoter libraries

The relatone i p bet ween sy misctete tTFRE compositoostaed s 6
relative activities was analysed using the statistical analysis software R (R
Development Core Team, 2013; httpghoject.org). The R script developed to
execute his analysis (synpro.anal.R) utiliséfie following R packges (available at
http://cran.fproject.org/web/packages): ggplot2, leaps, relaimpo, DAAG,
RDCOMClient, R2wd, plyr, and stringrThis script can be downloaded at
https://sourceforge.net/projects/syntheticporomoteranalysis/files/
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2.5. Blockdecoyconstruction and analysis

2.5.1. Construction of block-decoys

Regulatory element (RE)lock molecules were developed by annealing two
compl ementary, Si n g lated DNA OBNs dSiginpilb STE p ho s p |
buffer (100 mM NacCl, 50 mM Tri$iCl, 1 mMEDTA, pH 7.8, Sigma). ODNs were

heated at 95°C for 5 min and then ramp cooled to 25°C over 2 h to cresiedRE

that contain a transcription factor binding site and a 4 bp TCGA single stranded
overhang at e a-lolatks Gl pgt wene thengated with Ruits of

high concentration T4 DNA ligaggife Technologiey at room temperature for 3 h

to form blockdecoys. Chimeric decoys were constructed by ligating varying molar
concentrations of different RElocks. The sequences of all Rbcks enployed in

this study are shown in Table42

2.5.2.Analysis of Block Decoy Structure

Block-decoy populadn size distribution was anakg by ethidium bromide agose

gel electrophoresis utilisg molecular weight markers (Hyperladder II, Bioline,
London, UK). Toconfirm blockdecoys circulariation, 1.5 pug of purified block
decoy was added to 5 units of high concentration T4 DNA ligase before gel analysis.
To test the stability of blocklecoys against exonuclease, 4 ug of bldekoy was
incubatedwith 300 units of Exonuclease Il (Promega) and the mixture was
incubated at 37 °C. A mixture of linear ODNs spanning the molecular weight range

of the blockdecoys was used as a positive control.
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Table 24: DNA sequences of oligonucleotides ad to construct TFREspecific block

decoys. Complementary oligonucleotides were annealed to creatbldtks that were

subsequently ligated to form TFRIpecific blockdecoys.

TFRE Target Oligonucl eotiid3d)seq

NFaB TCGATGGGACTTTCCA
TCGATGGAAAGTCCCA

CRE TCGATTTGACGTCATT
TCGAAATGACGTCAAA

E-box TCGAAACACGTGAGA
TCGATCTCACGTGTT

YY1 TCGATCGCCATTTTAA
TCGATTAAAATGGCGA

8mer TCGAAGTTTCTTTCGA
TCGATCGAAAGAAACT

E4F1 TCGATTGTGACGTAACTT
TCGAAAGTTACGTCACAA

GC-box TCGATGGGGCGGGGA
TCGATCCCCGCCC®a

RARE TCGATAGGTCATCAAGAGGTCATT
TCGAAATGACCTCTTGATGACCTA

C/EBFU TCGATTTTGCGCAATT
TCGAAATTGCGCAAAA

NF1 TCGATTTGGCTATATGCCAATT
TCGAAATTGGCATATAGCCAAA

NFaB-scrambled TCGATAATCGCAAGTA
TCGATACTTGCGATTA

CRE-scrambled TCGATTGACTAGAGTT
TCGAAACTCTAGTCAA

E-box-scrambled TCGAAAGCTCAGAGA
TCGATCTCTGAGCTT
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Chapter 3. Synthetic Promoters for CHO Cell Engineering

This chapter presents the fiustver synthetic promoterdesigned spsfically to
regulate recombinangene transcription in CHO cellsTFRE function in CHO cells

was functionally screened and active elements were utilised to construct libraries of
synthetic promoters that exhibited variable activity over two orders of magnitude,
significantly exceeding that of hCM¥®1. Promoter functioalities were validated

in both different CHO host lines and through a fedtch transient production
process. The precision control of recombinant gene transcription enabled by these
synthetic promoters will facilitate the design of novel, predictable heyint

constructs for diverse CHO cell engineering applications.

Based on the work within this chapter the following article has been published

(shown in ApendixC):

Brown AJ, Sweeney B, Mainwaring DO, James DC. 2014. Synthetic promoters for
CHO cell engineering. Biotechnol. Bioeng. db.1002/bit.25227

Based on the work within thishapterthe following patentapplication hadeen
filed:

Brown AJ, James DC. UK patent ajpgationnumber GB 1321109 (29 November
2013)Synthetic promoterior CHO cells

3.1. Introduction

As discussed in section 1.Bpvel transcriptioncontrol technologies could enable
disruptive stepchangeinnovation in biopharmaceutical manufacturiiighe precise
transcriptional control required to implement multiple crifigalrequired
biomanufacturing developmentsutlinedin section 1.3) is currently unachievable
with viral and endogenous proneos that exhibit uncontrollable anshpredictable
functionality (Pontillier et al, 2008; Kimet al, 2011; Dattaet al, 2013). These

naturally evolvedbluntinstrumentsare restrictedto offering avery limited set of
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discreteactivities. In contrast, synthetic promoters can be engineered to exhibit
specifically tailoredactivities over broad dynamic ranges. They therefore represent
an attractive solution for achieving sophisticated, predictahtestriptional control

in CHO ells. Given that multiple studies have demonstrated synthetic promoter
activity to be highly contexti.e. cell type) dependent, novel synthetic promoters
need to be specifically designed to harnesdrdmescriptional activation machinery

of CHO cell factries (Ogawaet al, 2007; Schlabacét al, 2010).

Synthetic biology strategies aim to achieve desirable systems (or behaviours)
by constructingnovel deviceswith predictable functionalityfrom characterised,
modular parts (bioblocks)Passotiet al, 2012). When gplied to transcriptioal
control this typically involves constructing libraries of promotddevices) that
exhibit activities over broad dynamic raisgbehaviours) from parts thateeither i)
random synthetic oligonuaides (e.g6 - 10 bp oligomers)(Ferreiraet al, 2011)

i) known TFREs(Koschmanet et al., 2012) or iii) existing promoters (e.g. by
producing mutagenised or hybrid variants) (Snathal, 2013) This strategy ha
beenemployedto construct synthetic promoter libraries for a range of microbial
protein production hosts,including Saccharomyces(Blazeck et al, 2012)
StreptomyceéSeghezzet al, 2011) ancE. oli (De Meyet al, 2007), and has been
particularly successful ifPichia pastoris where considerable synthetic promoter
engineering efforts havéacilitated improved bioprocesses, optimised expression
levels and increased yields in the manufacture of industrial and therapeutic enzymes
(Hartneret al, 2008; Ruthet al, 2010; Mellitzeret al, 2012; Voglet al, 2013.
Mammalian cell system synthetic promoters have predominaetiy constructed
by randomly assembling small numbegsi( 6) of discretesystemactive TFREs
(athougha fewstudies have utilised randosgntheic oligonucleotdes(Edelmanet

al., 2000; Schlabachet al, 201Q). Such promoters have typically been developed
for use in cell typespecific gene therapy applications, for examplenecrophages
(He et al, 2006) neurons fiwang et al, 2004), hepatocyte§Han et al, 2011)
myocytes(Jianweiet al, 2012) and tumour cells (Xiongt al, 2011; Cheret al,
2012) Construction of most mammaliaynthetic promoters Bdherefore required

a priori knowledge ofhost system TFRE functionalitysomehing thatis currently
unavailable for CHO cells.

Few studies havpreviously explored the utiion of synthetic promoters in
CHO (discussed in detail isection 1.4.R). Whilst two studies have characterised
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the activity of small synthetic promoter libraries in CHO cells, both targeted broad
mammalian cell activity (tested in multiple diverse cell lines) and neither sought to
specifically design promoters to function in concert with CHO cell factory
transactiational machinery (Tornge et al, 2002 Grabherr et al, 2017).
Cumulatively, these libraries contain a small number of promoters X¢hab are
only capable of controlling gene expression over a narrow range-{eld)Oand
have relatively low top awities (significantly less thahCMV-IE1). Accordingly,
no promoters to date haemablel predictable, precise, robust control of CHO gene
expression ovea broad dynamic range.

The work in this chaptedescribs for the first timethe creation of a library
of 140 synthetic promoters specifically designed to regulate the expression of
recombinant genes in CHO cellSTFRE function in CHO cellsvas functionally
screened andactive elements were utiid to construct libraries of synthetic
promoters that exhited variable activity ovemto orders of magnitude, significantly
exceeding that of hCMAEL in transient production processes. Moreover, relative
promoter activities across a broad dynamic range were maintained in both different
CHO cell hosts and acresa fedbatch transient production process. The precision
control of recombinant gene transcription enabled by this synthetic promoter
technology will facilitate the design of novel, predictable synthetic constructs for

diverse CHO cell engineering applicas

3.2.Results

3.21. Selecting a ore promoter for use in synthetic promoter library

construction

3.21.1 Identifying a core promoter design space

In order to construct CH®ell specific synthetic promoters the activity of core
promoterregulatory elements (CPRES) wiast evaluated in CHES cells. CPREs
within core promoter regions (typicalls0 - +50 relative to the transcriptional start
site (TSS)) bind cognate general TFs to form transcrippi@initiation complexes

(PICs) As transcriptional activator@®oth discrete TFREs and larger elements such
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as proximal promoters and enhancé@)ye been shown to function specifically with
different CPREs it is optimal to comparately evaluate different TFREs and
synthetic promoteraising a single fixed corg@romoter (Theiseret al, 2010)
However, the design space for constructing synthetic core promoters is limited to the
following seven previously described CPRE# box; initiator element (Inr)motif
10 element (MTE); downstream promoter element (DPE)TFIIB recognition
elementdBREU/BREd); Xcore promoterelement (XCPE1/2); and thgownstream
core element (DCE)(JuvenGershon and Kadonagd010Q. Moreover, the design
space is further reduced aBIRE and XCPEhave been shown &xhibit repressive
and unpredictableunctiomalityand i i) each CPREOGSs urunct i ol
strict spatial positioning relative to the TS3uyenGershonet al, 2008). The
positional requirements of the five CPREs (TA ptNR, DPE, MTE, andCE) that
can be utilised to construct synthetic core promoters are shown in Bifjure

Multiple studies have demonstrated that CPREs function synergistically to
increase transcription initiation rate§luvenGershon and Kadonaga2010)
Accordingly, itwas hypothesised that optimised core promoter functionality in CHO
cells would be achieved by maximising CPRE numbers. Given that DCE inclusion
prevents utilisation of DPE and MTE blockse€Figure3.1), the design space was
narrowed to two synthiet core construct compositions;Ta box: INR: MTE: DPE
and Ta box: INR: DCEThe formerhas previously been shown to be highly active in
HelLa cell s and i s plaverssarsheret ala2606,twhilstthé s up er |
latter has never previously been counsted and will hereafter be referred to as
synthcore2. It was predicted that these two synthetic cores would exhibit higher
activities than naturally occurring alternatives. However, core promoters from the
hCMV-IE1 (-34 to +48 relative to thdSS, containing a TAbox and an INR,
hereafter referred to as CMV corend CHEFU (-34 to +48 relative to the
transcriptional sta site,containing a TAbox, hereafter referred to as CHEFdore)
promoters were evaluated in parallel as they have (indirgutbyen functionality in
driving high levels of recombinant gene expression in CHO cells. It was
hypothesised that this design spaxfefour core promotersvith varying CPRE
compositions (Figure3.1 ) woul d yield a Opartao wi t h

functionality for inclusion in subsequent synthetic promoter libraries.
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Core promoter design space

-50 ‘||§ +50
TA Box INR DCEi DCEii DCEiii
MTE DPE

Core promoter panel

cMV: | TA box INR |
CHEFla: [ TAbox |
Supercore: | TA box INR MTE DPE |
Synthcore2: | TA box INR  DCEi DCEii  DCEiii |
MTE.DPE: | MTE_DPE |
DCE: | DCEi DCEii  DCEiii |

INR: | INR |
TAbox: | TA box |

Figure 3.1: Core promoter engineering design spacé.he design space for core promoter
construction is limited to five discrete core promoter regulatory elements (CPRES), with
associaté spatial positioning requirements. The varying CPRE compositions of the seven

core promoters evaluated in this studystrewn

3.2.1.2Different core promoters exhibit variable activities in CHO cells

In order b determine the relative transcriptional activitycofe promotergn CHO-S

cells reporter constructsontaining each core upstream of a secreted alkaline
phosphatase (SEAP) reporter gemere constructedlhesevectors were otherwise
Opr omot e rdéveidsd proxifnal/diseal promoter sequences), and therefore
SEAP expression levels were directly dependent on relatiore activities.
Measurement of SEAP reporter production after transient transfection ofSCHO
cells with eachcorereporter plasmidsi shown in Figurg.2. Thesedata show that
core constructs exhibit varying Obasal
production from each core occurred at the ratio supercore 4.73: synthcore2 2.03:
CMV 1.00: CHEF1J0.33.
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Figure 3.2: Core promoter constructse x hi bit wvari abl e i0®HOs al | ev

cells. Each core promoter constru@KFRE compositions shown Figure 3.1) was cloned
upstream of SEAP reporters QHOS clsi{2exrlyinse o6pr
24we l | pl ates were tr ans fvectortaaddSEAP attitity it cek g o f
culture supernatant was measured 72 h-passfection. Data are expressed as a percentage

of the production exhibited by the CMV core promoter. Bars reptédbe mean + SD of

three independent experiments each performed in triplicate

Previous studies have demonstrated that MTE, DPE and DCE elements are
incapable of initiating transcription in isolation, requiring either TA boxes or INRs
for functionality (Lim et al, 2004). Evaluation of the activity of these CPREs in the
absence of TA boxes and INRse(core promoters containing only MTE.DPE or
DCE) confirmed that neither of these elements were active in CHO cells in isolation
as both were incapable dfiving detectable levels of SEAP production (FigB81).

It was therefore inferred that the higher activities exhibited by supercore and
synthcore2relative to CMV corewere a result of synergistic interactions between
MTE/ DPE/ DCE elements and TA bes/ INRs.
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Figure 3.3: MTE, DPE and DCE elements are incapable of initiating transcription in

isolation. Core promoter constructs containing only MDPE or DCE elementsvere
cloned upstream of SEAP repor tGHOS elisf2xot her w
10)in24wel | plates were tr ans fvecortarddSEAPiattivity 1 ¢ g
in cell culture supernatant was measured 72 hipassfection. Bars represent the mean +

SD of three independent experiments each performed in triplicat

To determine if relative activities were maintained at higher levels of
expressioni(e. > basal transcription levels) core promoter function was evaluated in
the context of relatively weak (SV40E,155 to- 35 relative to TSS) and strong
(hCMVIEL distal + proximal promoters559to -35 relative to theTSS) expression
cassettesThis analysis showed that relative core promoter activities were not
maintained in either SV40Eore SEAP or hCMVIEXcore SEAP reporters, where
relative SEAP production from each core occurred at the ratios supercore 1.94:
synthcore2 0.89: CMV 1.00: CHEB10.48 and supercore 0.75: synthcore2 0.67:
CMV 1.00: CHEFD 0.38 respectively (Figur8.4). Thesedata reveal that the
increased activities of supercore and synthcore2 relatitleet@MV core at basal
transcription levels are significantly reduced in weak @ 4xpression cassettes.
Moreover, in the context of the strong hCMiE1 cassette both cores exhibited

reduced SEAP production relative to the CMV core. Therefore it was inferred that
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relative core promoter functionalities are variable in CHO cells, demtndn

surrounding expression cassette elements.
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Figure 3.4: Core promoters edibit variable relative activities in the context ofdifferent
expression cassettesEach core promoter construct was cloned downstream of either
SV40E (A) or hCMVAIE1L (B) enhancer elements in SEAP reporters. CHicells (2 x 18)
in24we | | pl ates were tr ansf-@etoramd SRAP tadtivitylin € g
cell culture supernatant was measured 72 h-tpassfection. Data are expressed as a
percentage of the pdaction exhibited by CMV core promoter in each expression cassette.

Bars represent the mean + SD of three independent experiments each performed in. triplicate
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Lastly, the activity of TA box and INR elements in isolation was determined
by constructing hCM-IE1-coreSEAP reporters containing either thaldtype
CMV core or TA box/ INR knockout variants.€. CMV cores with either the TA
box or INR element sequence scramble)easurement of SEAP reporter
production after transient transfection of C¥BOcelk with eachcorereporter
plasmid is shown in Figurg.5. This analysis showehat i) removal of either CPRE
from the CMV core promoter resulted> 55% decrease in SEA#Xpressiorand ii)
in contrast to DPE, MTE and DCE, TA boxes and INRs are capable of initiating

transcription in isolatiom CHO cells

150+

100+

{

Relative SEAP Production (%)

o

I I I
CMV INR TA box

Core promoter

Figure 3.5: TA box and INR elements are capable of initiating transcription in isolation

in CHO cells. Core promoter constrtee containing only TA box or INR elements were

cloned downstream of the hCMNEL enhancer in SEAP reporte@HO-S cells (2 x 1) in

24we l | pl ates were tr ans fvectortaaddSEAP attitity it cek g o f
culture supernatant was mea=ai72 h postransfection. Data are expressed as a percentage

of the production exhibited by theild-type CMV core promoter (containing both TA box
andINR elements) in the same hCM¥1 expression cassette. Bars represent the mean +

SD of three independé experiments each performed in triplicate
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3.21.3 CMV core is the best available part for inclusion in synthetic promoter

libraries

Whilst discrete  CPRE compositions exhibited variable activity in different
expression cassettes, at relatively lowels of expression a rank order of strength
was identified; TA box + INR + MTE + DPE > TAox + INR > TA box or INR
(Figure 3.6). Addition or subtraction of CPRE blocks therefore represents a simple
method for tailoring the transcription rate of lowly exgsed genes in CHO.
However, at higher levels of expression, supercore, synthcore2 and CMV core drove
similar SEAP productiotevels This is likely a function of TFRHF interactions
within enhancers reducing the rdimnitation of coremediated stepsuch as PIC
formation and transcription initiatio@duvenGershon and Kadonagz010.

The CMV core hagproven functionality in driving high levels of recombinant
gene expression in CHO ce(las part of the hCMMEL expression cassette) during
production processes. Accordingly, alternative core promoters would need to exhibit
significantly improved functionality to replace CMwuore in synthetic promoter
libraries - particularly the patented supercore which has associated licensing costs.

Evaluation of tle core promoter engineering design space in &HEells both i)

confirmed the CMV core was a robust CHctive element and ii) revealed that

rationally designed synthetic cores did not exhibit enhanced functionalitytloxer

CMV core. Therefore the CMV cerwill be utilised for construction of synthetic

promoter libraries

< TA box. INR. MTE. DPE

(o710

c

Q

£ v

E TA box. INR.

v

o TA box INR

Figure 3.6: Variable CPRE compositions enable three discrete core promoter activities

at low levels of expression in CHO cells.
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3.23. Identification of active transcription factor re gulatory elements in
CHO-S cells.

Construction ofsynthetic promoter libraries requireal pool of CHQactive TFRES.
As it was considered intractable to functionallyesn all previously describec (
250) elementsMathelieret al, 2013),a bioinformatics analysis was employed to
narrow the design spade a set ofTFREssignificantly likely to exhibit CHO cell
activity. Accordingly, in order to identify discrete TFREsapable of recombinant
gene transactivation in CHO cells putative TFREIn ten viral promoterfisted in
Table3.1) generally known to be active in CHO celgre surveyedn silico. It was
rationalied that these promoters must contain one or more constituent TFREs able
to bind cognate transcription factors present in Gié¢s. Using online search tools
that scan DNA sequences ftanscription factor TF) binding sites, specifically
Transcription Element Search System (TESS) and Transcription Affinity Prediction
tool (TRAP), stringent search parametdianke et al, 2008; Schug 2008) were
employedto minimise false positivesAcross all viral promoter sequences, 67
discrete TFREs were identified as being presenn@mor more. To further minimas
this pool (design space) TFREs that did not occur in at leasptemoterswere
filtered out. Viral promotespecific TFRE compositions are listed ifable 3.1.
Table 3.2 lists the final set of 28 TFREs incorporated into the functional saeédn
their associated consensus sequences

To determine the relative trangaional activity of each TFRE in CHS
cells sets of both GFP and SEAP reporter constructs that each contained seven repeat
copies of a specific TFRE in series, upam of the CMVcore promoterwere
created Measurement of GFP and SEAP reporter prodoctafter transient
transfection of CHES cells with each TFRieporter plasmid is shown in Figure
3.7. This analysis identified seven TFREs that significantly increased expression of
both SEAP and GFP over basal expression from the core promoter up-foldl00
( NF a Box, AP1, CRE, G& o x , E4F1, cC/ EBPU) . A furth
and RARE) increased SEAP expression but showed no observable increase in GFP,
likely due to differences in reporter measurement (e.g. intracellular turnover of GFP,
extracelluar accumulation of SEAP). No other TFREs mediated a significant

increase in reporter expression above core control levels. These data identify a
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group of TFREs that can independently mediate activation of recombinant gene
transcription in CHGES cells usig available transcription factor activity. The
relative level of reporter expression is a function of TF relative abundance, affinity
of the TF for its cognate TFRE and the discrete mechanism of transcriptional
activation. Lastly,the data impiles that many TFREs that exist in common viral
promoters used to drive recombinant gene expression in CHO cells may be

functionally redundant

Table 3.1: Transcription factor regulatory elements identified by bioinformatic survey
of viral promoters. Ten viral promoters known to exhibit activity in CHO cells were
surveyed for the presence of discrete transcription factor regulatory elements (transcription
factor binding sites) usingranscription Element Search System (TESS) and Transcription
Affinity Prediction (TRAP) algorithms usingfringent search parameters to minimifalse

positives. 28 TFRESs that occur in more than one viral promoter are listed.

Promoter Transcription Factor Regulatory Elements
Human Cytomegalovirus immediate early| AP1, CArG, C/ EBPU, CRE,
(hCMV-IE1) GCbox, Gfi 1, | PF1,
YY1

Mouse Cytomegalovirus immediate early| AP1, CRE, Ebox, E4F1, ERRE, Gfil, HRE
(mCMV-IE1) Il PF1, NF1, NFaB, NF/
Rat Cytomegalovirus immediate early | AP 1, E2F, ERRE, I S
(rCMV-IE1) NBRE, RARE

Guinea pig Cytomegalovirus immediate early AP1, GATA, GCbox, GRE, HNF, MSX,
(gpCMV-IED) NF1, NFaB, OCT, RARI

Mouse Cytomegalovirus immediate early
(mCMV-IE2)

CArG, GGhox, cMyb, E2F, EGR1, GATA
HRE, MSX, RARE

Simian virus 40 early promoter and enhan
(SV40E)

AP1, C/ EB P-hbx, GATM,yGGbox,
MSX, NFaB, OCT

Adenovirus major late promoter (AdMLP)

CDP, EBox, EGR1, GATA, GGbhox, HNF,
NF1, YY1

Myeloproliferativesarcoma virus long terming
repeat (LTR) (MPSV LTR)

CDP, cMyb, ERRE, GATA, G®ox, Gfil,
GRE, NF1, RARE, YY1

Rous sarcoma virus LTR (RSV LTR)

CArG,CDP, C/ EBPU, | SRE

Human immunodeficiency virus LTR (HI

LTR)

E-box, GGbox, GATA, HNF,
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Table 3.2: DNA sequences of transcription factor regulatory elements identified by
bioinformatic survey of viral promoters. Ten viral promoters known to exhibit activity in
CHO cells were surveyed for the presence of discrete transcription factor regulatory
elements (transcription factor binding sites) usignscription Element Search System
(TESS) and Transcription AffinityPrediction (TRAP) algorithms usingtringent search
parameters to minimesfalse positives. DNA sequences of single TFREs that occur in more
than one viral promoter are listed. Measurement of their relative ability to activate
transcription of recombinaméporter genes in CHS cells is shown in Figui&7.

Transcription Factor Regulatory Element (RE) Sequence

Activator protein 1 (AP1) TGACTCA
CC(AIT)sGG element (CArG) CCAAATTTGG
CCAAT displacement protein (CDP) GGCCAATCT
CCAAT-enhancer binding protei| T TTGCGCAA
Cellular myeloblastosis (cMyb) TAACGG

cAMP RE (CRE) TGACGTCA
Elongation factor 2 (E2F) TTTCGCGC

E4F1 GTGACGTAAC

Early growth response protein 1 (EGR1) CGCCcCcCcGC
Estrogenrelated receptor alpha RE (ERRE) AGGTCATTTTGACCT
Enhancer box (#0x) CACGTG

GATA-1 (GATA) AGATAG

GC-box GGGGCGGGG
Glucocorticoid RE (GRE) AGAACATTTTGTTCT
Growth factor independence 1 (Gfil) AAAATCAAC

Helios RE(HRE) AATAGGGACTT
Hepatocyte nuclear factor 1 (HNF) GGGCCAAAGGTCT
Insulin promoter factor 1 (IPF1) CCCATTAGGGAC
Interferonstimulated RE (ISRE) GAAAAGTGAAACC
Myocyte enhancer factor 2 (MEF2) CTAAAAATAG

Msx homeobox (MSX) CGGTAAATG

Nerve growth facteinduced gend RE (NBRE) AAAGGTCA

Nuclear factor 1 (NF1) TTGGCTATATGCCAA
Nuclear factor of activated T cells (NFAT) AGGAAATC

Nucl ear factor kappa B ( NFgGGGACTTTCC
Octamer motif (OCT) ATTAGCAT

Retinoic acid RE (RARE) AGGTCATCAAGAGGTCA
Yinyang 1 (YY1) CGCCATTTT

Random 8mer (8mer) TTTCTTTC
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Figure 3.7: Identification of active transcription factor regulatory elements in CHO-S

cells. Seven copies afachTFRE (as described in Talk®e?) were cloned in series upstream

of a minimal CMV core promoter in reporteectors encoding either GFP or SEAP

reporters. CHGS cells (2 x 18 in 24we | |
(black bars) or GFP (white bars) TFRE repoktector.

pl ates were

transfect ¢

SEAP activity in cell culture

supernatant and intracellular GFP were measdell posttransfection. Data are expressed

as a foldchange with respect to the activity of a vector containing only a minimal CMV core

promoter (Core). A random 8bp sequence with no known homology to TFRE sequences

(8mer) was also used as a controlar8represent the mean + SD of three independent

experiments each performed in triplicate, using three clonally derived plasmids for each

TFRETreporter construct.

3.24. First generation synthetic promoters exhibit a broad activity range

up to that of hCMV -IE1

In order to construct a first generation synthetic promoter library all TFREs

identified as transcriptionally active in CH® cellswere utilised. Oligonucleotide

building blocks containing a single copy of each TFRE sequence (THRESp

werechemically syntheses d

( NFa Bhox,G&REQ x ,E E4F1,

and C/ E
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was omitted from the library due to previously observed functional redundancy
between CRE and AP1 sit@dai and Curranl991), and ligated at an equal ratio to
assemble random TFR&mbinations which were inserted upstream of the CMV
core promoter in SEAP reporter plasmids. A control CMmoter reporter
plasmid was construetl using the hCMMEL promoter(-559 to +48 relative to the
TSS,i.e. the complete hCMMEL enhancer containg the distal, proximal and core
promoter regionshereafter referred to as CM\Wpstream ofthe SEAP ORF.
Purified plasmid DNA from 110 transformésicoli colonies picked at random was
utilised for measurement of SEAP reporter production.

Transient produmn was employed to determine the relative activity of
synthetic promoters as it both maximises throughput and provides a direct readout of
synthetic promoter transactivation without potential interference from integration
specific effects or silencingWhilst SEAP production is not a direct measurement of
transcriptional activity, previous experiments in this laboratory have confirmed that
SEAP activity in cell culture supernatant is linearly correlated with SEAP mRNA
levels postransfection. Moreoveassay conditiongereoptimised such that control
CMV-SEAP reporter activity was in the centre of the linear assay range with respect
to plasmid copy number (DNA load) and measuSEAP output SEAP production
at 24 h post transfection was measured for each synthetic promoter, and each
promoter was sequenced to reveal its THREEKk composition. A small proportion
(14) of reporter plasmids were found to be lacking a promoter insert anditbese
excluded from further analysis. The relative transcriptional activity of the remaining
96 promoters is shown in FiguB®8, and their TFREblock compositions are listed
in Supplementary Table 1 in Appendix. AThese data show that generation 1

synthetic promoter activities spanned two orders of magnitude, where the most

active synthetic promoter exhibited a-faM increase in SEAP production over that

deriving from the CMV control vector.
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Figure 3.8: First generation synthetic promoters vary n activity up to that of CMV.

First generation synthetic promoters were cO
box, GGbox, E4F1 and C/EBPU TFREs in equal prc
inserted upstream of a minimal CMV core promoter in BE#eporter plasmids and
transfected into CHE cells. SEAP expression was quantified 24 h-pasisfection. Data

are expressed as a percentage of the produexhibited by promoter 1/01 SEAP

production from the control CMABEAP reporter is shown dake black bar. Each bar

represents the mean of two transfections, for each promoter less than 10% variation in SEAP

production was observed.

3.25 Development of a fully automated synthetic promoter library

analysis platform to identify optimised desigrspaces

It was hypothesised that the broad variance in first generation synthetic promoter
activities was a function of varying discrete TFRE block compositiagskiown in
AppendixA). Determination of the design rules governing promoter activity would
accordingly enable rational design of second generation promoters with optimised
functionality. It was envisaged that an automated promoter analysis platform
facilitating simple selection of optimised design spaces would enable industrial
companies to devep desirable synthetic promoters-house. Statistical analysis
software R was utilised to develop the analytics platform as it i) is-sparce and
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free of charge, ii) is compatible with all operating systems, iii) has a vast array of
available statistical analysis tools that are regularly extended by a dedicated
community, and v) employs usBrendly computing languag@reutzeret al, 2012;

R Development Core Team, 2013). A promoter library analysis R script
(synpro.anal.R)was developed thaautomatically generates a word document
analysis report from aCSV file detailing promoter activitiesand sequence
compasitions. The data provided within this report enables rapid identification of an
optimal design space for second generation promolearyi construction. Key
components of the four stage analysis will now be outlined using synthetic promoter
library 1 data as an exampleee AppendiB for the full analysis reportNote that

this section (3.25.11 3.2.5.9 is intended to detail the gesric benefits of the

developed analytics platformfor rapidly identifying optimal next -generation

synthetic promoter library construction strategies. Specific analysis of the

design rules that determined firstgeneration synthetic promoter activities is

presented in section 3.3.6

3.25.1. Synthetic promoter library analysis platform: section 11 key library

statistics

The first analysis section provides the data required touatelthe following
assumptions:

1. The relative abundance of TFRE blocks asrihe promoter library is as designed
2. Relative promoter activity is not simply a function of promoter length

3. Promoter activities cover the desired/ expetepression range.

The analysis first converts the TFRE blocks into letter ilerg, in ths example A

F. Data is generated showing i) the distribution of each TFRE blocksadre
promoter library (Table 3)3ii) the relationship between relative transcriptional
activity and promoter length (Figure 3,%nd iii) the rage of promoteractivities
(Figure 3.10. The data inthis example showetthat i) the relative abundance edich
TFRE per promoter was approximately equivalent (as expected gnstnTFRE
blocks werdigated at an equal radioii) there was no significant correlationtiveen
promoterlengthand activity, and iii) promoter activities spanned over two orders of
magnitude. Therefore all three assumptiarese confirmed, justifying progression
to further analysis.
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Table 3.3 Relative abundance at which discrete TFRE block¢A 1 F) occurred per
promoter in synthetic promoter library 1.
A B C

Min. :0.000 Min. :0.000 Min. :0.000

1st Qu.:1.000 1st Qu.:1.000 1st Qu.:1.000

Median :2.000 Median :2.000 Median :2.000

Mean :1.897 Mean :1.814 Mean :2.237

3rd Qu.:3.000 3rd Qu.:2.000 3rd Qu.:3.000

Max. :7.000 Max. :7.000 Max. :7.000

D E F
Min. :0.000 Min. :0.000 Min. :0.000
1st Qu.:0.000 1st Qu.:1.000 1st Qu.:1.000
Median :1.000 Median :2.000 Median :2.000
Mean :1.629 Mean :1.969 Mean :2.072
3rd Qu.:2.000 3rd Qu.:3.000 3rd Qu.:3.000
Max. :6.000 Max. :7.000 Max. :7.000

100 -

757

Relative Expression (%)
8
i

25-

75 100

50
Synthetic Promoter

Figure 3.9 Range of promoter activities across the library.Data are expressed as a

percentage of the expression exhibited by the most active promoter.
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Figure 3.1Q Correlation between promoter length and relative transcriptional activity.
The slope of the linear regression line (blue) indicates the extavitith total TFRE block

numberdetermines relative promoter strengths.

3.25.2 Synthetic promoter library analysis platform: section 2- identification of

TFRESs that are positive, neutral and negative regulators of promoter activity.

The second analysigection provides the data required to evaluate the contribution
discrete TFREs make to promoter activities. Three figures are generated for each
TFRE that enables ttks to be designated pssitive, negative or neutral effecsor

of promoter strength. Fige 3.11shows an example figure from treynthetic
promoterlibrary 1 report, generated for block D. These data clearly identify block D

as a negative effecter of promoter strength that is abundant in low activity promoters
and lacking in higkactivity pranot er s . Determination of
functionality facilitates binary (yes/ no) decisions regarding formation of-next
generation design spaces; for example in this case block D would not be included in

second generation library construction.
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Figure 3.11 Correlation between discrete TFRE block abundances and relative
promoter activities. Three figures are generated for each discrete TBIBEK - this
example shows the analysis of block D in synthetic promoter librafy) The number of

the THRE block in each synthetic promoter is plotted against relative activity of that
promoter.The linear regression line is shown, where the slope of the line indicates the extent
to which the TFRE occurs in promoters of varying activy.The mean numberfdhe

TFRE block in higher or lower activity promoters (over or under mean promoter activity).
C) The mean number of the TFRE block in promoters within discrete library subsections.

Subsection 410 cotains the top 10% of promotgrainkedby activity).

3.25.3. Synthetic promoter analysis platform: section 3 - multiple linear

regression analysis

The previous sectiodentified TFREs to beexcluded from/ includedn second
generation library constructioithe third analysis section provides tata required
to manipulate thislesign space by identifying optimal TFREtk stoichiometris
that can be employed in negéneration library construction. Every possible
multiple linear regression modeld. each combination of TFRE block variables;
e.g. A, A+ B, A+ B + Cetc) explaining promoter activity is rankedee Appendix
Bforallmodely and t he rankee lsyf) for each duenber farameters

is reported Table 3.3. The data generated enabléentification of parameters
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(TFRE Hocks) that significantly contribute to explaining promoter strengths. In this
example model fitwas maximised in a four parametenodel, indicating that
promotes0 relative abundance of blocks A and F had minimal effectthar
activities. The most parsionious model is then reported with associated key
statistics, such as the model summadrghle 3.9, analysis of variance table and the
contribution of each variable t& (Figure 311). The analysis in this example
indicated that discrete TFRE blocksere positive (E and C) andegative (B + D)
effectors of promoter actiwit Moreover, these data identifigobtential design
solutions to specifically tailor nexgeneration libranactivities For example, in this
case aroptimal stoichiometc ratio of TFRE blocks to increase promoter strengths
was predicted to be E58 :C 1. Accordingly, at the conclusion of this analysis stage
second generation library construction strategies can be implemented by employing

designled TFRE block ratiog ligationreactions.

Table 3.4 Multiple linear regression models explaining relative promoter activities.
The best fitting model for each possible number of parameters (discrete TFRE bldeks A
is reported. Block inclusion/ exclusion within a model is indicdgd 1 or a O respectively.
The P statistic is reported for each model.

TFRE blocks
Number of A B C D E F r
parameters
1 0 0 0 0 1 0 0.255
2 0 0 0 1 1 0 0.425
3 0 0 1 1 1 0 0.512
4 0 1 1 1 1 0 0.561
5 1 1 1 1 1 0 0.565
6 1 1 1 1 1 1 0.566
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Table 35 Key ¢ ati stics of the O6bestd
synthetic promoter activities.

Residuals:

Min 1Q Median 30 Max
-28.708 -7.958 -1.922 5.880 45711
Coefficients:

Estimate Std. Error t value Pr(>|t])
(Intercept) 13.3184 3.5032 3.802 0.000258 ***
B -3.2190 0.9963 -3.231 0.001713 **
C 3.7386 0.8859 4.220 5.72e-05 ***
D -5.8172 0.9259 -6.282 1.09e-08 ***
E 5.8472 0.8301 7.044 3.33e-10 ***
Signif. codes: 0O 6***86 0.001 o6**06 0.

Residual standard error: 13.62 on 92 degrees of freedom
Multiple R-squared: 0.5618, Adjusted R-squared: 0.5427
F-statistic: 29.49 on 4 and 92 DF, p-value: 8.842e-16

0.25 -

0.00 — -.II

B c D E
Sites

o o o
= = N
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o
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a1
|

Figure 3.12 Relative contribution of each TFREDblock parameter to thedbestmo d e | 6 s
r? statistic.
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3.25.4 Synthetic promoter analysis platform section4 i string analysis

The fourth analysis section provides the data required to evaluateffdots of
combinatorial interactions between neighbouring blocks within promoters. Design
rules governing promoter activity are likely to be more complex than sibgihga
function of relative TFRE blockabundancesCombinatorial interactions between
specific combinations oheighbouringTFRE blocks ite. stringg and spatial effects

are likely key determinants of promoter strength. Statistically significant conclusions
from string aalyses are computationally intractable with the sample si#teedirst
generation promoter librar{©6). However, the data generated for this analysis
section will be detailed in order to provide an example of the output that could be
utilised for large promoter libraries.

The functionaliy of every two and three block TFRiring is analysed to
bothi) determine how neighbouring sites impaeichblocks function andii) allow
characterisation of larger parts that could be utilised in future desigespe.
blocks containing two or three discrete TFREsuld be included in ligation
reaction$. Strings are evaluated both in the context of each discrete TFREg$ g
3.12 and 3.13how thefigures generated for block i synthetic promoter library
1), and as &ollectionof comparative block parts (kige 3.14, Table 3)6 The data
generated identifies whether discrete TFRENgs needo be avoided (for example
if neutralregulatorsnegativelyaffect neighbouring positiveegulator¥ or employed
in nextgeneration library construction. Accordingly, second generation library

design spaces are finalised at the conclusion of this final analysis stage.

3.25.5. The developed m@alytics platform enables snplified, modular synthetic

promoter library construction pipelines.

The R script synpro.anal.Rcan be utilised to automatically generate the
comprehensive data analysis required to optimise-gexération design spaces.

This analvtics platform can be utilised as a black box technolwihin

biopharmaceutical companies or academic qgroups and requires minimal

computational programming or bioinformatics skills. The platform can be employed

to rapidly identify optimal library construction strategies to achieve desired promoter

activities i for example totailor/ optimise the expression level®f a specific
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recombinant proteinBy facilitating analyticded design space manipulation the

analysis package therefore enables a complete synthetic promoter library engineering

pipeline in CHO, whth could also be utilised in divergent mammalian cell types.
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Figure 3.13 Relative abundance of Zblock TFRE strings in synthetic promoters of
varying activities. The number of promoters within discrete library subsectfsumssection
1 containsthe top 20% of promoters, ranked according to stréntitht contain each
possible Zlock string is reportedFigures are grouped to show the relative differences
between every possibletfock string containing each discrete TFRE (this example shows
evely 2-block string containing TFRE block A). Counts represent either orientation, e.g. AB

could occur as either 6A BO or 6B AO6.
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Figure 3.14 Average library position of promoters containing 3block TFRE strings.
Promoters were ranked according to fetatactivity (1 = most active) and analysed to
identify constituent ®lock TFRE strings. For each discrete TFRE a figure is generated
detailing the average library position of promoters containing each possshim@ where

that TFRE is the central blk¢this example shows the output for block E; e.g. A.E and C.B
refer to AEE and CEB respectively). Each TFRE figure is split into two sections to highlight
higher (blue) and lower (red) performinegs8ings respectively

60~

240

EE CE AE CC BE EF CF BC AC AB AF AA DE FF CD BF DF AD BB BD DD
string

Figure 3.15 Relative activities of each 2block TFRE string. Promoters were ranked
according to relative activity (1 = most active) and analysed to identify constittBotk2
TFREstrings. The average library position of promoters containing each possitrlagRis

shown. Stringsca occur i n either orientation, e.g.
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Table 3.6. Relative activities of each3-block TFRE string. Promoters were ranked
according to relative activity (1 = most active) and analysed to identify constitteock3
TFRESstrings. The average library position of promoters containinf passible &tring is

shown.

Ave. . Ave. . Ave. . Ave. . Ave. . Ave.
pOS. String String String poS. String String

String
pos. pos. pos. pos.

AAA | 73.50| ABA | 49.50| ACA | 55.53| ADA NA | AEA | 33.28| AFA | 58.80

AAB | 56.00) ABB | 76.50| ACB | 36.60| ADB | 63.75| AEB | 50.66| AFB | 43.50

AAC | 36.50| ABC | 36.30| ACC | 54.80| ADC | 60.25| AEC | 27.16| AFC | 50.00

AAD | 57.00| ABD | 67.00| ACD | 39.80| ADD NA | AED | 49.66| AFD | 77.50

AAE | 14.00| ABE | 51.60| ACE | 20.87| ADE NA | AEE | 11.83| AFE | 40.83

AAF | 74.75| ABF | 51.83| ACF | 37.44| ADF | 84.20| AEF | 23.00| AFF | 35.50

BAA | 44.00| BBA | 74.67| BCA | 32.60| BDA | 74.00| BEA | 41.71| BFA | 64.66

BAB | 64.14| BBB | 54.50| BCB | 29.00| BDB | 55.00| BEB | 54.00| BFB | 77.20

BAC | 41.60| BBC | 31.50| BCC | 43.50| BDC | 55.25| BEC | 34.00| BFC | 34.75

BAD | 84.00] BBD | NA | BCD | 66.37| BDD | 94.00| BED | 47.75| BFD | 78.50

BAE | 33.12| BBE | 59.75| BCE | 7.75 | BDE | 55.67| BEE | 17.00| BFE | 50.20

BAF | 62.25| BBF | 59.50| BCF | 21.00| BDF | 62.50| BEF | 43.71| BFF | 52.71

CAA | 64.66| CBA | 50.33| CCA | 61.28| CDA | 49.75| CEA | 20.25| CFA | 44.80

CAB | 49.88| CBB | 32.00| CCB | 33.75| CDB | 70.33| CEB | 12.00| CFB | 36.14

CAC | 40.20| CBC | 34.75| CCC | 4450| CDC | 71.67| CEC | 14.75| CFC | 35.66

CAD | 77.00| CBD | 47.00| CCD | 38.28| CDD | 51.00| CED | 54.00| CFD | 33.33

CAE | 18.66| CBE | 26.83| CCE | 15.25| CDE | 42.22| CEE | 12.00| CFE | 31.00

CAF | 35.60| CBF | 55.80| CCF | 25.85| CDF | 52.75| CEF | 31.50| CFF | 52.40

DAA | 80.00| DBA | 77.00| DCA | 64.40| DDA | 61.50| DEA | 61.60| DFA | 31.50

DAB | 77.50| DBB | 54.75| DCB | 77.00| DDB | 52.50| DEB | 48.00| DFB | 74.25

DAC | 30.66| DBC | 63.25| DCC | 50.33| DDC | 82.00| DEC | 50.33| DFC | 50.20

DAD NA | DBD | 86.33| DCD | 75.83| DDD | 79.25| DED | 94.00| DFD | 62.62

DAE | 28.66| DBE | 34.75| DCE | 44.00 | DDE NA DEE | 37.00| DFE | 48.50

DAF | 55.66| DBF | 71.20| DCF | 65.50| DDF | 38.00| DEF | 39.67| DFF | 73.42

EAA | 28.40| EBA | 31.71| ECA | 22.00| EDA | 40.00| EEA | 14.67| EFA | 33.00

EAB | 23.33| EBB | 60.00| ECB | 21.50| EDB | 59.67| EEB | 14.00| EFB | 59.00

EAC | 38.90| EBC NA ECC | 18.11| EDC | 55.83| EEC | 14.75| EFC | 38.42

EAD | 15.00| EBD | 40.00| ECD | 28.00| EDD | 62.33| EED | 62.67| EFD | 57.00

EAE | 30.85| EBE | 32.50| ECE | 40.25| EDE | 52.50| EEE | 14.00| EFE | 15.50

EAF | 83.00| EBF | 52.00| ECF | 39.20| EDF | 57.67| EEF | 24.33| EFF | 23.66

FAA | 72.00| FBA | 57.25| FCA | 49.33| FDA | 40.00| FEA | 19.60| FFA | 43.71

FAB | 59.67| FBB | 56.50| FCB | 56.75| FDB | 63.00| FEB | 43.25| FFB | 53.50

FAC | 23.16| FBC | 33.75| FCC | 40.67| FDC NA FEC | 33.42| FFC | 76.66

FAD | 71.00| FBD | 79.00| FCD | 56.00| FDD | 67.80| FED | 66.62| FFD | 61.75

FAE | 39.80| FBE | 45.60| FCE | 35.00| FDE | 59.50| FEE | 65.33| FFE | 52.80

FAF | 2850| FBF | 73.00| FCF | 65.25| FDF | 62.77| FEF | 44.67| FFF | 37.80
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3.26. Variation in first generation synthetic promoter activity was a

consequence of the differing relative abundance of specific TFRE blocks

The developedanalytics platform waauitilised to identify the design rules that
determined first genetian synthetic promoter activitiesAnalysis of synthetic

promoter composition revealed that (i) synthetic promoter length varied between 7

and 31 TFRE blocks (mean E.9 + 4.2 blocks; 189 + 66 bp), although relative
transcriptional activity was unrelated to promoter lengtha@ioss the gneration 1

library the relative abundance of the six TFRE building blocks was approximately
equivalent and (iii) individual TFRBlocks could occur in either forward or reverse
orientation {.e. the cosensus TF recognition sequercmrild occur on either DNA

strand) but this was not apparently related to synthetic promoter activity, either with
respect to the general frequency ofcurcence or with respect to the relative
orientation of specific TFRE blocks. Thereforewas inferred that variation in

synthetic promoter activity was a consequence of the differing relative abundance of
specific TFRE blocks within promoters and/orsjiimnal effects i(e. that specific
neighbairing or distal combinations of TFRE blocks may affect promoter strength).
Whilst the latterwas computationally intractable given the size of the library, the

former was addressed by determination of the refatifrequency with which

individual TFRE blocks occurred within synthetic promoters of varying activity.

These data are shown in FigBel5 Whilst no single TFRE block exhibited an
obviously dominant influence over synthetic promoter strength, individE&E

bl ocks were either relativel yboxpequallydant i
di stributed acr os s -bgxr a metatively abodantCik BB P U , G
activity promoters(E4F1, CRE). This bias was confirmed by multiple linear
regression angsis, where either an all factor model (inclusion of all six TFREs, r

057, p=17x16) or a parsimonious modmx excl
TFREs (as these do not improve model fit=10.56, p = 8.84 x It) predicted the

optimal stoichiometryb TFRE bl oc ks t-lmx 1b dhe NtikepTBFREL . 5 8
bl ocks were eit he-box)mrenedative dffectorC (E4B FCRBE). GC
Analysis of specific promoter sequences throughout the library cadirsite
designations as positive, neutral or rtega For example, the strongest promoter
(1/01) contains the hi-dx)e seagative éEdR1,0CRB)f pos
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sites (9 : 1) in the library. Moreover, the three most active promoters i(11(13)

are the only promoters in the library contagrmore than 7 positive sites afever

than 3 negative sites. There are also multiple examples where high numbers of
positive sites are apparently counteracted by high numbers of negative sites to
produce relatively weak promoters, for example promoi¢®y, 1/52 and 1/68

which have positive : negative ratios of 8 : 8, 8 : 8, and 9 : 11 respectively.

3.27 Second generation synthetic promoters achieve twice the activity of
CMV.

In order to further improve synthetic promoter activity a second geneidirany
using random ligation of a mixture of TFRE blocks at an optimal ratio derived from
analysis of the composition of first generation promotess created Specifically,
negative TFEs were omitted (E4F1, CRE, FiguB1l5), positive TFREs were
incuded at t he -boa3 andnelNr&l IMARESSwere indiuded at the ratio
C/ EBPU -box 1. Tiedatterwere includedbased on the hypothesis that
increased complexity could be advantageous. For example, the three most active
synthetic promoters the first generation library all contained at least topies of
both neutral TFREssée AppendixA) and thus they could contribute to unknown
positional effects.It was expected that second generation promoters would contain
the same average numbérm&-RE blocks (12 as first generation promoters.

A second generation library was created as described previously; 50
transformedE.coli colonies were picked at random, synthetic promoters in purified
plasmid DNA were sequenced and 44 reporter plasmidgaioing promoter
sequences were utidd for measurement of SEAP reporter production. The relative
transcriptional activity of second generation promoters is shown in Figliéeand
their TFREblock compositions are listed Bupplementary Table 2 itppendixA.
Second generation promoters exhibited significantly increased activity. The mean
expresion level (relative to CMYshifted from 21.2% for first generation promoters
to 116% for the second generation library. Twenty five synthetic promotes b7
the library) achieved a highé8EAP production than the CM¥ontrol, with the

strongest promoter (2/01) exhibiting a-2ald increase.

80



NFkB

>

Relative Promoter
Activity (%)

L
ol
2

Number of NFkB Blocks

m

100~ B

Relative Promoter
Activity (%)

0 2 4 6 8
Number of E-box Blocks

o
Average Number g

of E-box Blocks

Average Number
of NFkB Blocks

==

-

o

C/EBPa

100, C

Relative Promoter
Activity (%)
(4]
<

Number of C/EBPa Blocks

n w

B

of C/EBPa Blocks

Average Number

o

GC-box

D

=
o
o

Relative Promoter
Activity (%)
3

8
Number of GC-box Blocks

w

N

B

Average Number
of GC-box Blocks

o

CRE

100~ E+

Relative Promoter
Activity (%)

1]
0+ I 1 ! T 1
0 2 4 6 8
Number of CRE Blocks

N w

==

of CRE Blocks

Average Number

o

m
i
M
'y

1004F

o

Relative Promoter
Activity (%)
wu
o

Number of E4F1 Blocks

N w

=

of E4F1 Blocks

Average Number

o

o - n w

T
Over-mean Under-mean
Promoter Activity

T
Over-mean Under-mean

Promoter Activity

Over-mean Under-mean
Promoter Activity

T
Over-mean Under-mean
Promoter Activity

T
Over-mean Under-mean
Promoter Activity

T
Over-mean Under-mean
Promoter Activity

Figure 3.16. Relative abundance of transcription factor regulatory elements in first

generation synthetic promoters. First generation synthetic promoters were sequenced to

enable assignment of TFRE block composition (listedppendixA). The number of each

TFRE bbck in each synthetic promoter is plotted against the relative activity of that

promoter (AF). In each case the linear regression line is shown, where the slope of the line

indicates the extent to which each TFRE occurs in promoters of varying acliviggmean

number of each TFRE block in higher or lower activity promoters (over or under mean first

generation promoter activity) is indicated in each case.
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Figure 3.17 Generation two synthetic promoters achieve twice the activity of the CMV
promoter. Second generation synthetic promoters were constructed by random ligation of

N F @ B-box, 5Gb o x , C/ EBPU TFREs in the ratio 5
inserted upstream of a minimal CMV core promoter in SEAP reporter plasmids and
transfectednto CHOS cells. SEAP expression was quantified 24 h-pasisfection. Data

are expressed as a percentage of the production exhibited by CMV control promoter (black
bar). SEAP production from the most active promoter from the first generation library
(1/01; Fig. 2) reporter is shown as a checked bar. Otherwise, each bar represents the mean
of two transfections, for each promoter less than 10% variation in SEAP production was

observed.

3.28. Variation in second generationsynthetic promoter activity was a

consequence of the differing relative abundance of specific TFRE blocks

The analytics platform(synpro.anal.Ryas utilised to identify the design rules that
determined second gentom synthetic promoter activitieg\nalysis of the TFRE
block composition of second generation promoters revealed that the relative

stoichiometry of TFRE blocks across the library was approximately as designed
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( NFaB -bbx 281 :E5Gbox 1. 32 O /silic &halysid utiling ) .
TFRE-prediction tools confirmed that unexpected, additional TFRE sites had not
formed at TFREblock junctions during promoter assemblyn contrast to first

generation promoters the slope of the fitted linear regression line relating total TFRE

block numler (synthetic promoter length) and promoter activity was slightly positive

(r* = 0.31, p = 8.9 x 19), althoughthis was notegareédas a significant factor. As

shown in Figure3.17, for second generation promoters the influence oftG< and

C/ EBPdleniesr al | y negat i v-bax remdingpositive effedtbFss B a n |
However, considering the composition of second gdimer promoters listed in
AppendixA,thedat a do not support the-boxORREI usi ol
blocks could support higlranscriptional activity alon& clearly a combination of

both is necessary. The most powerful promoters {Z@B) contain relatively high

numbers of both TFREs in approximately equal proportion, with a correspondingly

low number of negative GBox andC/ EBPU bl ocks. Some I
promoters do contain r el a-boxblecksye.gl28t,ge nu
2/13, 2/17) but (i) contain a stbp t i ma | r at-box (244, 2/IN)Foe (B) E
also contain relatively large numbers of ®&x andC/ EBPU bl ocks ( 2/ 13
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Figure 3.18 Relative abundance of transcription factor regulatory elements in second
generation synthetic promoters. Second generation synthetic promoters were sequenced
to enable assignment of TFRE block composition (listedppendixA). The number of

each TFRE block in each synthetic promoter are plotted against the relative activity of that
promoter (AD). In eachcase the linear regression line is shown, where the slope of the line
indicates the extent to which each TFRE occurs in promoters of varying activity. The mean
number of each TFRE block in higher or lower activity promoters (over or under mean

second geeration promoter activity) is indicated in each case.
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3.2.9. Synthetic promoters exhibit conserved relative activity in different

CHO host cell lines and through a feebatch transient production process.

In order to determine if synthetic promoters peried robustly and predictabtiyeir
relative functional capability in different CHO host lines and through ebétch
transient production processas evaluatedWith respect to the former, it was
hypothesied that different CHO hosts may contain varyipgoportions of
transcription factors that could markedly influence synthetic promoter function,
especially as the complexity of synthetic promoters isnisogntly reduced
compared to CMV With respect to the latteit, was hypothesisd that transitiorof

CHO cells through a production process, with the associated dynamic variation in
cell physiology and function (e.g. growth rate, suspension culture) may change the
relative proportion of endogenous transcription factors affecting synthetic promoter
activity.

A panel of seven promoters from both first and second generation libraries
were selected that cover a broad range of promoter activity (1/51 < 1/17 < 1/04 <
1/02 < 2/19 < 2/03 < 2/01). Theserwecompared to the activity of CMVFigure
3.18 shows tansient SEAP production from all promoters in three commonly
utilised host lines; CHE, CHODG44 and CHEK1. The relative rank order of
promoter activity is maintained in all three cell lines, with the exception that 2/03
outperforms 2/01 in CH&1. In contrast to the original screen, promoters 2/03 and
2/01 have approximately equivalent expression in €&44 and CHGES. In each
cell line the top performing synthetic promoter drives signifigahigher SEAP
production than CMY 3.1-fold 1.9-fold, and 17-fold in CHO-DG44, CHQGS, and
CHO-K1 cells respectivelylt is noted thatn general CHGDG44 cells exhibited
significantly less reporter production than either GHOor CHOK1 cells,
presumably due to their reduced Atransf et

Lagly, it was hypothesed that transfection of cells with synthetic promoters
specific for a small number of transcription factors may function as decoys,
effectively competing with the host cell genome for transactivation, thus reducing
host cell proliferation. Therefore, tlsame panel of promoters were evaluated in a
longerterm fedbatch SEAP production process over 7 days, utilising €&Htst
cells in suspension (Figure 3)19 A transient system was employed (rather than
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stable) to ensure production variability was diyetbked to differences in promoter
activity rather than cell line specific, sigpecific integration or promoter silencing
(e.g. methylation, deletion) artifacts. It was observed that the differences in synthetic
promoter activity observed in static eroplates were maintained in the fiedtch
transient system. The highest SEAP titer, driven by promoter 2/03, was over 1.65
fold that obtained by CM\mediated expression. It was observed that no synthetic
promoter had a significant effect on thegralof viable cell densityat the end of

the transient production process, disproving the hypothesis.
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Figure 3.19: Synthetic promoters exhibit conserved relative activity in different CHO
host cell lines.The relative activity of seven synthetic promoterish differing relative
activity was detrmined in CHGS cells, CHGK1 cellsand CHODG44 cells Cells (2 x
10°) were transfected with 250 ng SEA&porter vector, and SEAP production was
quantified 24 h posdtransfection. Data are expressed as a pagenf the activity of the
CMV promoter in each cell lineNote that in general CHODG44 cells exhibited
significantly less reporter production than either GHOr CHOKZ1 cells (SEAP production
from the CMV promoter in each cell line (100%) occurred atréitio CHGS 1: CHOK1
0.81: CHODG44 0.32) Values represent the mean + S.D of three independent experiments

performed in triplicate.
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Figure 3.2Q Synthetic promoters exhibit conserved relative activity in a feebatch

transient production processCHO-Scells 6x 1) wer e transfected with
reportervectors, where SEAP expression was under the control of synthetic promoters with
varying activity or the control CMV promoter. SEAP production and viable cell
concentration were measureder the course of a-day fedbatch process in tukspin

bioreactors. The mean IVCD at Day 7 (white bars) and SEAP titer (black bars) are shown.
SEAP data are expressed as a percentage of the control CMV promoter activity. Two

independent transfectiomgere performed in duplicate.

3.3 Discussion

The work in this chapter describes construction of the first bespoke synthetic
promoters designed specifically to function with the transcriptional machinery of
CHO <cel |l factories. The characterised tr
promoters andproximal/ distal promoters) and suite of synthetic promoter
construction tools (TFReEeporter plasmids, analytics platform, modular
construction pipeline methodology) can be utilisedefglace functionally iHdefined
and uncontrollable genetic elemenits expression vectors with sophisticated,
bespoke controllers that can engineer host cell function predictably

Synthetic promoter activity was pri ma
composition of NBB and Ebox TFREs. TFs that bind these sites amongst the
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most frequently occurringncogenes, and their impaired regulation is a principal
mechanism by which cancerous cells achieve uncontrolled proliferation and
suppressed apoptogiolcetet al, 2005; Linet al, 2012) It is therefore likely tht
these synthetic promoters will be functional in a range of transformed mammalian
cell types and may have use danceftargetedgene therapeutic applications. It is
anticipated that there are more complex design rules governieg BiRd Ebox
function (spatial effects, combinatorial interactions) and that many additional
combnations of TFREs could be utiéid to construct CHO cell synthetic promoters.
Determination of the former would require construction of larger, specifically
desgned synthetic promoter libraries with the associated computational modelling,
whilst the latter would require a more comprehensive screen of CHO cell TFRE
activities. Moreover, it is envisagedhat emerging transcriptomics data wdhable
identification of endogenous TFREs that are actiwedifferent CHO cell hosts, or
under specific bioprocess conditions (Datta, 2013).

TFREs that do not exhibit activity in CHO cellswere indirectly identified.
Whilst inactivity may be explained by assdgsign featwes (.e. suboptimal TFRE
sequences, TFs unable to drive transactivation independently) it could be evidence
that their cognate TFs are not expressed in CHO cells. It would not be surprising if
CHO cells expressed a particularly narrow range of transamtsvgtven that CHO
cells havdost specific functionalities over the course of their ldagn ¢ 50 years)
culturein vitro (Lewis et al, 2013; Xuet al, 2011) Unrecognised TFREsould be
utilised with their cognate TFs as inducible, controllable edatato construct
regulated gene expression systems (switches, oscillators, synthetic regulatory
cascadesjor synthetic bitogy applications in CHO cell¢Tigges and Fussenegger
2009; Weber and Fussenegger 20Many of these inactive TFREs are present in
the CMV promoter, suggestintpat a large proportion dhe CMV sequencdgand
that of other viral promoteysnay be funtionally redundant in CHO cell§heCMV
promoter has evolvetb access a broad range dfs'to enable the virus fofect a
wide range of host cells with varying physiology and TF actiy8tinski and
Isomura 2008) Specifically designed, rather than evolved, the synthetic promoters
have far more efficient transcriptional activity per ubDiNA sequence (synthetic
promoter 2/01 exhibited a 2fald increase in activity over CMV but is less than half

the size).
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Synthetic promoters that achieved higher titers than CMV inrbé&dh
transient SEAP production could be utilised to optimise taestent production of
early stage productd.€. development material for toxicology and clinical trials
testing(Daramolaet al, 2013)) Although the promotershave not been tested a
stable expression formatnd therefore it cannot be definitivelyashed that they
will maintain either their relative activities or expression stability in stable
transfectants, they may offer additional advantdgs®nd high level transcriptional
activity. For example, th€MV promoter carcontribute to production ingbility via
promoter methylation and gene deletion (the Ilatter likely ti@mologous
recombination,i.e. 6| oo@utn@ caused by t wo i dent i«
surrounding a light chain gene cofiim et al, 2011). This homologous
recombinationalso predigposes synthetic genetic circuits to failf@eightet al,

2010) The most potent synthetic promoters do not contain CpG islandgvend
different synthetic promotesequencescould be utilied within constructsto
minimise gene copy loss. Further, @pG islands in CMV have been shown to
interfere with the functionality of matrix attachment regi¢8&od et al, 2005) the
synthetic promoters could be more compatible with existing transcription enhancing
technologies such as ubiquitousigting chromtin opening elements, bacterial
artificial chromosomes and sigpecific integration system&hou et al, 2010;
Maderet al, 2012. Moreover they could be utilisd with other expression control
technologies in research applications requiring highly ipeeadegulation. For
example, they could be employed in conjunction with recently described synthetic
elements that control translation initiation raEserreiraet al, 2013) Lastly, it is
suspeatd that by utilising specific TFRE combinations the syrnibepromoters
could be refined to exhibit desirable bioproduction functionalities such as increased
activity at subphysiological temperatureg§AlZ-ageehet al, 2006) or during
stationary phase cell growfRrenticeet al, 2007)

The synthetic promotergresented in this chaptenable precise contradf
recombinant genexpression in CHO host celtsrer a broad dynamic rangEor
easy to express proteins, where transcription rates have been shown to exert a high
level of control over productior(O'Callaghanet al, 2010;McLeod et al, 2011,
they could be utilised to maximise recombinant gene transcription levels (for
example, by using synthetic promoter 2/01). For difficult to express proteins (e.g.

bispecific antibodies, fusion proteins), where masing transcription is unlikely to
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be beneficial, they could be utilised to provide optimised pregpatific
transcription activity kinetically coordinated with polypeptsigecific folding and
assembly rates. An obvious potential application ismonodonal antibody (mAb)
expression whersynthetic promoters of varying activigould be used to achieve
mAb-specific light chain : heavy chain (LGHC) expression ratios to optineisnAb
production Ho et al, 2013; Pybuset al, 2013) For example, the reat study by
Pybuset al, demonstrated that three different difficult to express mAbs had three
discrete optimal LC : HC expression ratios of 9: 1,4 : 1 and 2.3 : 1. By utilising
synthetic promoter 2/01 (to maximise LC gene expression) in conjunciitn w
synthetic promoters 2/25, 1/03 or 1/24, each of these ratios could be functionally
achieved. Lastly, the provision of 140 discrete promoter activities, covering over
three orders of magnitude, will enable CHO cell engineers to precisely engineer the
cdl factory, where systems level control of cell function may require the constitutive
expression of several genes to be stoichiometrically balanBgd enabling
sophisticated multigene engineering systems these synthetic promoters will therefore
facilitate exploitation ofthe current revolution in CHOmi¢®attaet al, 2013).
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Chapter 4: Transcription Factor Block-Decoys

This chapter presents novel form of TF decoys that are specifigalesigned for

use in CHO cellsA method was developed whereby blocks containing discrete
transcription factor binding sites (TFRIocks) are combined into circular
molecules, enabling rapid construction of chimeric decoys containing
stoichiometrically optimised ratios of input TFRMocks. It was demonstrated that
blockdecoys were able to inhibit expression from multiple target elements
simultaneously in CHO cells using a bespoke chimeric désmbling investigation

of any mul#iTF mediated cell function or phenotype blatdcoys ae a valuable

new tool for characterising and controlling CHO cell transcription.

Based on the work within this chapter the following article has been published

(shown in AppendipD):

Brown AJ, Mainwaring DO, Sweeney B, James DC.120 Block decoys:
trangription factor decoys designed for in vitro gene regulation studies. Anal.
Biochem. 443(2): 20210

Based on the work within thishapterthe following patentapplication hadeen
filed

Brown AJ, James DC.UK patent application number GB1310853.5 (18 June 2013)

Transcription factor blocklecoys

4.1.Introduction

Transcriptionaloutput of a given gene at a spectiiime pointis determined by the
composition of transcription factor regulatory elements (TFRES) within its promoter
and the availability of cognate transcription factors (TFs) within the cell (Cailon
al., 2013). Cellular transcriptomes are therefore a functicoasequence of multiple
TF-TFRE interactions occurring at thousands of discrete genomic loci. A

mechanistic understanding of the -TFRE interactions regulating individual
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promotersd transcription would enable st
and improve their activities. A mechanistic understanding of theTHRE

i nteractions regulating multiple promote!
enable strategies to engineer entire cellular processes. CharacterisatiehFREF
interactionfunctionalities within the CHO cell factory could accordingly enable i)
optimisation of product gene transcription rates throughout biomanufacturing
processes and ii) cell line engineering strategies to achieve desirable bioproduction
phenotypes, such assistance to apoptosis and increased proliferation.

Physical disruption of TF binding to target sites is the most effective and
well-established method of investigating-TFRE interactions. An effective method
to achieve this is the use of transcriptfantor decoys{omitaet al, 1999;Bezzerri
et al, 2011;Renardet al, 2019; short synthetic oligodeoxynucleotides (ODN) that
contain a specific TFREotif. When introduced into a cell the decoys compete for
available TFs, preventing their associatiat target promotersBielinska et al,

1990. This sitespecific sequestration of TFs makes decoys an attractive method to
determine the functional contribution of
The key determinants of decoy effectiveness stability, specificity, and uptake
(Osakoet al, 2012) Multiple methods of decoy formation have been developed to
improve these factors, primarily focusing on their stability against intracellular
nucleases. These include chemical modifications suteasse of phosphorothioate
groups Bielinskaet al, 1990, and circular dumbbell ODNSs that have enzymatically
ligated termini Osako et al, 2007, conferring resistance to exonucleases (the
primary cause of intracellular degradatidBafnperet al, 1993). Although such
advancements have greatly improved decoy functionality, particularly in potential
therapeutic applications&G@mbariet al, 2011, currently available methods are not
ideally suited tan vitro gene regulation studies.

As most promotex contain binding sites for multiple TFs, gene regulation
studies utilising decoys are likely to require multiple decoys, targeting varying
combinations of different TFREs. Ideally, where multiple TFREs are targeted at
once they would be included on a gim decoy molecule to avoid the uneven
distribution of different decoys across the transfected cell population.
Phosphorothioate and dumbbell decoys targeting Migake et al, 2006; Leeet
al., 2012 and three Gag 200§ TFREs have been described (atbwn to be far
superior to using individual decoys against each site) but these formation methods do
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not allow for the rapid creation of bespoke chimeric decoys. Further, they do not
provide the capability to fintune the molar ratio of different sitesitiin one
molecule. Currently available tools are therefore poaslyted for in vitro
investigations into mukiranscription factor mediated processes that may require
multiple regulatory elements to be inhibited in varying combinatiBesermination

of the TFTFRE interactions regulating promoters/ cellular pathways in CHO cells is
therefore intractableith current decoy methods.

This chapterdescribe a novel methodfior decoy formation, specifically
designed to enable characterisation of THRE intemaction functionalities in CHO
cells. This method utilises blocks containing discrete TFREs (HBBE&ks) to
construct circular, exonucleasesistant molecules (bloakecoys).Unlike currently
available methods bloettecoys allow rapid construction of clenc decoys
targeting multiple regulatory elements. Further, they enable fine tuning of binding
site copy ratios within chimeras, allowing sophisticated control oCH® cellular
transcriptional landscap&his novel method offers significant advantag@smulti-
target decoy studiemvestigating multiTF mediated phenotypeis CHO, and is
particularly suited to gene regulation studiBsock-decoys therefore represent a
valuable new tool for investigating, charactegs and controling CHO cell

transcription

4.2 Results

4216 Pl agslmicdysd exhibit undesirable decoy

In order to construct decoys optimised tme in CHO cellsplasmid vectors were
evaluated as a TFRE delivery vehicle. It was hypothesised that plasmids would
exhibit desirable decoy functionality as they i) are exonuclease resistant, ii) have
well-established transfection protocols and iii) can be produced vizdsty high

yield systems. A minimal TFREcceptor vector (< 2500bp) containing only the
sequences requirddr propagation in bacterigpUC Ori, AmpR)and an extended
multiple cloning site (MCS) was constructedorderto maximise TFRE copies per

unit DNA sequence i.e. maximise the number of TFRE copies that can be

transfected per cell) (Rige 4.). TFREspecific decoys were constructed by
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inserting appropriate synthetic ODNs (THRIDNS) containing multiple TFRE
copies into the MCS. As lowost DNA synthesis is restricted to ODN sizes of < 120
nucleotidesapproximately 7x TFRE copies can be inserted perEFE®N. It was
predicted that bespoke chimeric decoys could be constructed by inserting different
TFRE-ODNSs into discrete MCS acceptor regions (nine THRRENS can be inserted

per decoyplasmid).

The use of decoeplasmids to inhibit the activity of spe@fiTFREs was
evaluated using a GFP reporter plasmid containing 7 copies of the-REkBotif
upstream of a core CMV promotere( the NFkBreporter plasmiddescribed and
utilised in section3.3.3. An NFkB-RE decoy was constructed by separately
insertingtwo NFKB-RE-ODNSs (.e. 14 NFkB-RE copies) into the decoy plasmid
MCS. Measurement of GFP production after transiesransfection of CHE5
cells withreporter vector and varying concentrations of decoy plasmid is shown in
Figure 4.1 This analysis iderfied that NFKBRE-reporter expression was not
inhibited by NFKBRE decoy plasmids. It was hypothesised that dgtaymids did
not enable delivery of sufficient TFRE copies per cell to sequester significant
guantities of cognate TFs. Therefore, it was amhed that the requirement for
6accessoryod DeNWC Grig mpR)wasecstically limiting to decey

plasmid functionalityrenderingt an ineffective method for decoy formation.

4.2.2Block-decoy formation and sability

In order to construct circular decoy molecules with significantly increased TFRE
copies per unit DNA sequence an improved formation method was developed. This
method utilises blocks containing discrete TFREs (THRIEKS) to construct

circular molecules (bck-decoys). The method of blodecoy construction is shown
schematically in Figure 4.2. TFREocks containing a single transcription factor
binding site and a 4 bp TCGA single str
created by annealing two complermhea r vy , single stranded 56
ODNs. The cohesive ends enable-Blacks to be ligated together into extending
concatamers. At sizes greater than 100 bp DNA molecules are likely to bend
(Ulanovskyet al, 1986; Zhanget al, 2003), allowing lgation of cohesive termini

(Shoreet al, 1991;Révetet al, 1999. Therefore, ligation of input TFRE blocks

theoretically results in covalently closed circular blaigcoyscontaining multiple
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copies of the target binding sites. It was predicted thatkidecoys would exhibit
desirable functionalities of decgyfasmids (easyo-transfect, exonucleasesistant,
low cost production) whilst increasing TFRE copies per unit DNA sequence by >
100 fold. Moreover, it was hypothesised that bespoke chimeras beutdpidly
constructed by adjusting the stoichiometric ratio of different TBREKs in ligation

reactions.
A T8
_— \l/—‘ﬁ Multiple TFRE copies
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Figure 4.1 Decoyplasmids do not inhibit expression mediated by discrete regulatory
elements. A) Decoyplasmid map. TFRE specific decplasnids are constructed by
cloning synthetic ODNs containing ttiple TFRE copies into the MC8) CHO-S cells (2
x 10°) were cetransfected with mNFkB-RE-dependent GFP reporter plasmid with either a
NFkB-RE decoyplasmid (white bars) or a scrambled NFRE decoyplasmid (black bars)
at concentration of 0.2 2 pg/ml DNA per transfection. Data were normalised with respect
to GFP expression in the presence of the scrambled decoy in each case. Bars represent the

mean + SEM of three independent experiments padiormed in triplicate.
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Figure 4.2 Schematic of blockdecoy formation. (A) Single stranded oligonucleotides are

annealed to form regulatory elemdadcks containing a transcription factor binding site and

a 4 bp single str an B Reguatory elénesilgcks are lightdd t e r mi
together into extendg concatamers which circulagi€C), allowing intramolecular ligation

of cohesive termini, yielding covalently closed circular bldelcoys containing multiple

copies of the target bindingtes (D).

Block-decoy formation was confirmed by gel electrophoresis. This analysis
showed that different TFREpecific decoys constructed using the appropriate
TFREblocks exhibited neadentical size distributions, with the vast majority of
moleculesbetween 100i 300 bp in size (Figure 4.3 To test the hypothesis that
circularisation of decoys prevented further ligation (thus limiting their size) purified
block-decoys were utilised as the substrate in further ligation reactomsré¢ 4.3.

No vaiation in blockdecoy size distribution was observed, indicating an absence of
ligatable single stranded overhangs. Further, btetoy stability against digestion

by Exonuclease lll, active againktear DNA, was evaluated (Figure %.3This
analysis Bowed decoys were resistant to exonculease digestion and it was therefore
concluded that this method of bledkecoy construction yields circular ODNs

containing approximately i7 20 copies of a targdtFRE.
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Figure 4.3 Circular block decoys contain humeious regulatory element binding sites.

Agarose gel analysis of block decoys constructed from NREBlanes A2,3), box (lanes
A4,5) and CRE (lanes A6,7) regulatory elembimding site blocks. Circulagion of a
purified block decoy (B1) wademonstrated by (i) two further sequential ligation reactions
(B2,3) which showed no additional increase in decoy size distribution and (ii) stability on
digestion with Exonuclease Il for 0, 1 and 6 h at 37°C (lane€®2respectively. Lanes

C5, 6 and Bhow digestion of linear DNA sampled at the same time points.

4.2.3Block-Decoy Function and Specificity

The work in chapter 3 (section 3.3.B}entified seven discrete TFREs that are
transcriptionally active in CHE cells. Moreover, a panel of GFP aS&EAP
reporter plasmids containing 7 copies of each of these discrete TFREs upstream of a
core CMV promoter were constructed and validated, where minimal reporter
expression was observed with the core promoter alon8%d of reporter activity of
TFRE-cortaining plasmids). These CHe&rtive TFRE reporters provide an ideal
system for evaluating the use of bled&coys to inhibit the activity of specific
TFREs.

Initially, reporter plasmids utilising NFKRE (the strongest element
identified in the CHGS TFREfunctional screen) to drive reporter expression were
used to validate the specific inhibitory effects of blalgcoysin vitro. Measurement
of GFP production after transiemo-transfection of CHES cells with NFKB-
reporter vector and varying concentrasoof NFkB blockdecoy is shown ifrigure
4.4. This analysis identified thathe NFKBRE blockdecoy inhibited expression
from NFkB-RE-GFP reporter plasmid in a dedependent manner. In order to
validate that the NFKERE block decoy specifically inhibite NFKB-RE reporter
expression, CHES cells were caransfected with i) NFKBRE blockdecoy and

different GFP plasmids utilising varying TFREs-ifBx, CRE) to drive reporter
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expression and ii) NFKRE-GFP reporter and different TFRIpecific (Ebox,
CRE) bbck decoys. Ashown in Figure 4.5he concentration of NFKRE block
decoy exhibiting maximal inhibition of NFKBRE-GFP reporter expression ¥8/ml)

had no significant effect on GFP expression from either CRE-boxEreporter
plasmids. Further, bloellecoys constructed from-Box and CRE TFRblocks did

not significantly affect expression from NFKHBE-GFP reporter plasmid. It was
therefore concluded that bloclecoys function to specifically sequester cognate
TFREbinding transcription factors, inhibitinexpression from promoters dependent
on their activity. Lastly, the stability of blockdecoysin vitro was analysed by
evaluating NFKBRE block decoys in a longéerm cell culture process. As shown
in Figure 4.6 decoys maintained significant inhibitionf NFkB-RE mediated
expression throughout a 4 day GFP production process. These data therefore indicate

that blockdecoys exhibit relatively lorterm intracellular stability.
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Figure 4.4 NFkB-RE block-decoys inhibit NFkB-RE mediated expressionCHO-S cells

(2 x 10) were cetransfected with a NFKERE-dependent GFP reporter plasmid with either a
NFkB-RE block decoy (white bars) or a scrambled NFB block decoy (black bars) at
concentration of 0.2 2 pg/ml DNA per transfection. GFP expression was tfied 24 h
posttransfectionData were normaled with respect to GFP expression in the presence of
the scrambled decoy in each case. Bars représe mean + SEM of three independent

experiments each performed in triplicate.
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Figure 4.5 Circular blo ck decoys specifically inhibit expression mediated by discrete
regulatory elements.A) CHO-S cells (2 x 18 were cetransfected with a NFKIRE-
dependent GFP reporter plasmid with 2ug/ml scrambled NREBlock decoy (control) or
different regulatory elenmd block decoys illustrating specific inhitbth with NFKBRE

block decoyB) Co-transfection of NFKBRE blockdecoy (white bars) or scrambled NFkB

RE block decoy (black bars) and different GFP reporter plasmids varying in transcription
factor specificity(CRE, Ebox or NFKBRE) illustrating specific inhibition of NFKERE
mediated reporter expression. GFP expression was quantified 24-tnapsgtction. Data

were normalied with respect to GFP expression in the presence of the scrambled decoy in
each casdn A and B each bar represents the mean + SEM of three independent experiments

each performed in triplicate.
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Figure 4.6 Block-decoys inhibit NFKB-RE mediated expression throughout a four day
GFP production process.A) CHO-S cells (2 x 1) were cetrarsfected with a NFKERE-
dependent GFP reporter plasmid with either a NREB block decoy (white bars) or a
scrambled NFKERE block decoy (black bars) at concentration of 2 pg/ml DNA per
transfection. GFP expression was quantified at varying timepointgrpastection.Data
were normalied with respect to GFP expression in the presence of the scrambled decoy in
each case. Bars represents the mean + SEM of three independent experiments each

performed in triplicate.

4.2.4Constructing chimeric block decoys

A major advantage of the blodecoy strategy is that it can be utilised to construct
stoichiometrically optimised chimeric decoys targeting multiple TFREs. In order to
validate this functionality the specific inhibitory effects of two further TFSpEcfic
block-decoys were evaluated {i6x and CRE TFREs were selected as they
exhibited the next highest transcriptional activities (after NFkB) in the SH®RE
functional screen)As shown inFigure 4.7both Ebox and CRE blocklecoys
inhibited expressiofrom corresponding TFREpecific reporter plasmids in a dese
dependent mannelm both cases, TFREpecific reporter expression was inhibited
only by the corresponding bloalecoy. Accordingly, chimeras specifically targeting
multiple TFREs (NFKBRE, CRE ad Ebox) could be constructed by ligating
multiple discrete TFR#blocks.
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Figure 4.7: TFRE-specific blockdecoys exhibit variable potencyA) CHO-S cells (2 x

10°) were cetransfected with a Box-dependent GFP reporter plasmid with either-look

block decoy (white bars) or a scrambleeb&x block decoy (black bars) at concentration of

0.27 2 pg/ml DNA per transfectiorB) Co-transfection with a CRi#ependent GFP reporter
plasmid with either a CRE block decoy (white bars) or a scrambled CRE block (thsxxky

bars). GFP expression was quantified 24 h -pasisfection Data were normalél with

respect to GFP expression in the presence of the scrambled decoy in each case. Bars

represent the mean + SEM of three independent experiments each perfomipdidatet
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It is assumed that the relative extent to which each TF§iRE€ific block
decoy inhibits reporter expression from its corresponding FrapBrter plasmid is
a function of blockdecoy specific differences in (i) the relative intracellular
aburdance of TFs and (ii) FTFFRE block binding kinetics As shown in Figure 4.8
each TFREspecific block decoy exhibited a characteristic inhibitory eesponse
relationshipwhereat the highest concentrations expression from each corresponding
TFRE-specific reporter was inhibited over 90%og transformation of blocklecoy
concentration data and nonlinear regression analysis enabled determination of the
relative potency of each bloalecoy, and revealed that their inhibitory potency
occurred in tke order: Ebox > NFKB-RE > CRE, with a stoichiometry d@-box:
0.5: NFKBRE: 0.8: CRE: 1.0(calculated by interpolation to determine relative
inhibitory concentrations)lit was therefore concluded that equivalent inhibition of
multiple TFREs would requirstoichiometric tailoring of TFRE site copies within
block-decoyssccor ding to the rel-bhldck ve Opotencyo
To test the hypothesis that chimeric blatdcoys ould be constructed with
controlledTFRE-block ratios ligation reactions were evalted where) six distinct
TFRE-blocks were ligated in an equimolar ratio, and ii) fodRE-blocks were
|l igated in a 1.0 : Obbock®d. Qont &i.MRi matXh
sites was added to each ligation mix to enable subsequentdatieari Linearsed
molecules were cloned into an acceptor plasmid and fifty clonally derived plasmids
from each library were sequenced. The actual stoichiometric ratios -tldREs
across the blockecoy libraries was approximately equal to the input satiol8:
1.09: 1.03: 1.00: 0.96: 0.86 and 1.00: 0.57: 0.25: 0l22yas thereforeconcludel
that chimeric blockdecoys containing stoichiometrically tailored quantities of
TFRE-blocks ould be constructed by controlling the molar ratioTéiRE-blocks in
the ligation reaction, and therefore that cells transfeateditro with chimeric
molecules will containfFRE-blocks at the specified concentrations across the cell
population.
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Figure 4.8 Stoichiometric optimisation of chimeric block-decoystargeting multiple
regulatory elements. In order to determine the correct stoichiometry of different TFRE
blocks in chimeric decoys to achieve equivalent inhibition of each regulatory element, the
relative ability of separate TFRElocks to inhibit TFREspecific reporter expression was
first quantified. CHGS cells were separately t@ansfected with three different TFRE
specific block decoys (CRE, NFKBE and Ebox) or the corresponding scrambled block
decoy controls at varying block decoy concentratidtin whe corresponding TFR&pecific
GFPreporter plasmids (at a ratio of decoy : reporter plasmid maintained at 1 : 1). GFP
expression in blocklecoy transfected cells is shown as a percentage of reporter expression
in cells transfected with the same centration of scrambled decoy control. Best fit curves
obtained by notinear regression analysis were utilised to determine the relative ratio of

TFREspecific blocks employed to construct chimeric decoys.

4.2.5Chimeric block-decoys target multiple TFREs simultaneously

In order to demonstrate the novel capability of the bldekoy methodology to form
stoichiometrically optimised chimeras, block decoys targeting multiple TFREs were
constructed. In order to construct chimeric block decoys exhibitinginmadx
equivalent inhibition of all TFREeporter plasmids the stoichiometry of TFRE
blocks in ligation reactions was adjusted according to the extent individual-TFRE
specific blockdecoys inhibited expression of the cognate THR#gorter (.e. the
relatved pot ency 6 lbck).e dhashto dchidvdEconcurrent inhibition of
NFkB-RE and Ebox to a similar extent using the bledkcoy approach TFRE
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blocks were ligated in the stoichiometric molar ratlBkB-RE 1.0 : Ebox 0.62.
Anticipating that chimeridecoys would require a greater concentration of decoy to
be transfected to achieve a specific reduction in TFeerter expression (as the
number of copies of each TFRHock is effectively reduced with an increase in the
number of different TFRblocks uilised to construct a chimeric decoy) we (i)
increased total TFREBecoy DNA load per transfection and (ii) utilised alternative
TFRESEAP reporter constructs to enable more sensitive detection of TFRE driven
reporter expressionPreliminary experimentshewedthat a decoyoncentration of

3.5 ugml decoywas the maximablecoy loadthat could be caransfectedwith
TFREreporter plasmidvhilst still maintaining quantitation in the linear range from
each TFRE-specific SEAP reporteplasmid (transfected at Rg/ml). Chimeric
decoys were therefore transfectedtlas concentration Figure 4.9 showsthat the
chimeric decoyconstructed from NFKERE and Ebox TFREblocks significantly
inhibited expression frorhoth TFRES at approximately equivalent levels. Moegpv

it had no significant ékct on GFP production from CRteporter plasmids,
confirming specific inhibition of NFKERE and Ebox mediated reporter expression.

In order to further demonstrate the functionality of bloekcoys for
investigating multiTF mediated phenotypesn CHO cells a chimeric decoy was
constructed targetingll threeTFREsat approximately equivalent levedby ligating
TFREDblocks in the stoichiometric molar ratibox 0.5: NFKB-RE 0.8: CRE 1.0.
Utilising the maximaldecoyconcentration of 3.5 ugil, thisequaedto TFRE-block
concentrations of 0.7@-box), 1.22 (NFKB-RE) and1.52 ug/ml (CRE). Through
interpolation ofthe single decoy data summaasin Figure4.8it was predicted that
under these conditions chimeric desayould inhibit expression from-4ox, NFkB
and CRESEAP reporter plasmidsy 88% Figure4.9 showsthatthe chimeric decoy
significantly inhibited expression from all thr@d&REsat approximately equivalent
levels. EBox, NFKB-RE and CRElependent SEAP exession waseduced to 77%,
76% and 68% respectivelghowing the chimeric decoy simultaneously sequestered
a substantial proportion of the intracellular cognate TFs that bind to each of the three
TFREs.The slight reduction inlecoy potency compared poedictedvalues may be
explained by(i) the reduced transfection efficiency associated with transfecting a
higher concentration of DNA (resulting fewer copies of each R#block per cell)or
(i) TF-binding dynamics being affected by the presence of pleltiREblocks.
Nonetheless, the results show that three transcription factor binding pathways can be
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inhibited simultaneously using a chimeric bleddcoy containing stoichiometrically

tailored quantities of each TFR#tock. This is the first time that aranscription

factor decoy has been shown to target multiple elements by using an optimised

number of copies of each binding site.
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Figure 4.9: Chimeric block-decoys target multiple TFREs simultaneouslyCHO-S cells

(2 x 10) were cetransfected with 3.8himeric block decoys and&/ml of either CRE, E

box or NFKBRE SEARreporter plasmid. Chimeric decoys were constructed using
stoichiometric ratios of TFR#Blocks in the ratid\) NFKB-RE 10 : Ebox 0.62 and) CRE

1.0 : NKB-RE 0.8 : Ebox 0.5 (control scrambled chimeric decoys contained the same ratio

of scrambled TFRblocks). SEAP expression was quantified 24 h fastsfection. Each

bar shows SEAP expression in chimeric decoy treated cells relative to expressidmewith t
same concentration of scrambled decoy. In A and B each bar represents the mean + SEM of

three independent experiments performed in triplicate.

105



4.3 Discussion

The work in this chapter describes a novel method for TF decoy formation that
enables congtction of chimeric decoys containing stoichiometrically optimised
ratios of input TFREblocks. Exhibiting intracellular stability (resistance to
exonucleaselegradation), chimeric bloettecoys can target multiple TFREs
simultaneously by specifically seqoessng cognate TFRIBinding TFs. Specifically
designed to enable characterisation of THRE interaction functionalities in CHO
cells, block-decoys have significant advantages over existing decoy methods for
studies requiring thesimultaneousinhibition of multiple elements indefined
combinations. Block-decoys can be applied to characterise any fraltiscription
factor mediated CHO cell function (e.g. regulation of a specific promoter) or
phenotype (e.g. regulation of cellular proliferation) and accordingly will facilitate
both sophisticated trscriptional control and advanced cell engineering strategies.
Most studies utilising TF decoys in CHe2lIs are likely to require multiple
decoys, targeting varying combinations of different binding md&iés example, i&
promoter of interest containsight discrete TFRES there are oveR00 possible
unique chimeric combination8By employing the blockdecoy methodologyo
determine this pr omoang ofétleesechimerasdouldobe a | re .
rapidly constructed following the initial synthesi$ eight TFRE-blocks. This
compares to existing methods, where all chimeras would have dedigned and
synthesised independentlyhe ability to rapidly construchundreds of different
chimeric combinations from a pool of inp0iFRE blocks provides sulasitial
savings in bothime and costs.Further, ly utilising blockdecoys the binding site
ratios within each chimera could be adjustegecisely control the relative extent
to which each TFRE is inhibited in each transfected cell. This is a majantagea
over the use of mixtures of single decoys, whose relative distribution within
trarsfected cells is unpredictabMoreover, adjustable control of TFR#ock ratios
enables the optimal inhibition of each target element at any decoy concentration.
Fine-tuning of binding site copy ratiemnables more efficient inhibitipmeducing the
final decoy concentrations requireshd potentially facilitating mor@d FREsto be
targeted simultaneousbbompared to existing methods. Bledkcoys therefore offer

significant advantages for concurrent inhibition of multiple TFRESsitro, where
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DNA load is often a restricting factaor Indeed, in this study where decoy
concentrations were significantly limited by-tansfection with TFREeporters,
block decoys enabled maxal equivalent inhibition (> 70%) of three TFREs
simultaneously. Utilisation of increased decoy concentrations (as will be possible in
the vast majoty of block-decoy applications, whichwill not require vector co
transfection) will likely increase botthe levels of inhibition and the number of
elements that can targetsidhultaneously.

Whilstthe met hodds primary advantages ar e
chimeric molecules and to control their binding site ratidsck-decoys have other
potentid benefits. Circular DNA has been associated with improved transfection
efficiencies, compared to linear ODRIfanchanet al, 2001 Dhanoyaet al, 2011).
Further, multiple copies of the same binding site within a single decoy molecule may
enhance TFsequestration@Goteaet al, 2010;Lee et al, 2012). It was previously
shown that decoys with three site copies achieved stronger inhibition than those
containing a single sitéGaoet al, 2006). Therefore, the i7 20+ binding sites per
block-decoy may ehance decoy function and efficiency.

Block-decoys can be utilised to determine the function of individual TFREs
in the mechanistic regulation of discrete promoters in CHO cells. Given the current
revolution in CHOmics (Dattaet al, 2013) we are thereform a position to i)
determine CHO cell factory TF profiles throughout bioproduction processes and ii)
identify the TFs required by specific promoters for tratisday. Accordingly, block
decy s wi | | enabl e accurate pr diesidaring on of
bioprocesses and facilitate strategies (e.g. engineering of promoters, cell factories
and/or bioreactor operating conditions) to optimise recombinant gene expression
levels throughout productiomprocesses For example, blocklecoys could be
enmployed to determine the mechanistic regulation of synthetic promoter 12401 t
was constructed in chapter Bitracellular levels of NFKERE, E-box, C/EBRJand
GC-box binding TFs could then be specifically controlled/ monitored to ensure that
sufficient guantities are maintained to facilitate maximal promoter activity during the
production of both early stage products and easy to express prétgitiner,routine
determination of synthetic promotersoé fu
syntheticengineering strategies requiritige constitutive expression of several genes
to be stoichiometrically balancecEmploying mulitple synthetic promoters to
achieve precise gene expression ratios may be doomed to failure by promoter
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intereferancé i.e.promot er s exhi biting unpredictabl e

for availalbe TFs. For each syntitepromoter block-decoys could be utilised to
determine i) the TFREs required for activity, ii) how activity is affected by
intracellular fluctations in TF abundances and iii) whichTIHFRE interactions are
likely sources of activity variance. Compatible syntheticonpoters could
accordingly be selected for use in engineering attempts that i) individually display
robust activity (e.g. activity not significantly impacted by minimal fluctations in TF
abundances) and ii) collectively exhibit nmmal promotespromoter inerference

(e.g. promoters that do not rely on the sameTFRE interactions for activity).
Lastly, an obvious application of bloclecoys is in determining the JrRediated
regulation ofcritical functionalities such as proliferation, apoptosis, proteidirigl

and glycosylation. Negative and positive effectors could accordingly be either
knockedout or overexpressed respectively in relatively simple cell engineering
strategies. Moreoveneutral effectorsould be utilisedwith their cognate TFs as
inducide, controllable elementso construct regulated gene expression systems
(switches, oscillators, synthetic regulatory cascadés) synthetic bitogy
applications in CHO cell¢Tigges and Fussenegger02) Weber and Fussenegger
2010).
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Chapter 5: A mechanistic understanding of the CMV pr o most er 06

functional regulation in CHO cells.

In this chapter the mechanistic functionality of the hCMY promoter is
systematically deconstructed to identify the discrete TFRES that control its activity in

CHO cells. Insilico bioinformatics analysis (of both hCM¥16 TFRE composition

and CHO celis TF complement) identified a design space that was interrogated via

TF sequestration (utilising bloettecoys) and TFRE knockout (utilising synthetic

CMV constructs with scrabled TFRE sequences). It was determined that i) the vast
majority of CM\é activity within CHO cells is dependent on just two TFREs, NFkB

and CRE, and ii) YY1 is a negative regulator of the CMV promoter in QHG.
mechanistic understanding of hCME1Gs functional regulation enables strategies

to predictably controlor improveitsact i vi ty by engineering

composition or the cell factoryodos TF abul

5.1 Introduction

The human cytomegalovirus immediate early 1 (hGCMEY) promoterhas been

utilised for > 25 years to control recombinant gene transcription in CHO cells.
hCMV-IE1 has been employed in the vast majority of regulatory approved
production vectorss currentlyused to drive expression of many biopharmaceutical
products ard is the promoter of choice ftransient gene expressiohGE) systems

(Birch and Racher, 2006; Rita Costhal, 2010). However, surprisingly given its
long-term use, little is known about how it functions in the CHO cell and therefore
strategies to prsely control or improve its transcriptional activity are not generally
available. Determination of its mechanistic functionality in CHO cell factories would
enable i) rational rengineering to improve its bioproduction performance, ii)
strategies to poictably control its activity during bioreactor processes and-long

term subculture, and iii) identification of systeimc t i ve Opartsodé (both
and TFREcombinations comprising ciegulatory modules (CRMs)) that could be

utilised to construct BO-specific synthetic promoters (lat al, 1999; Rajkumar

and Maerkl, 2012; Blazeo#t al, 2012; Brownet al, 2014). Reverse engineering of

hCMV-l E1 6s functionality in CHO cells coul
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improved gene expression controkechnologies for biopharmaceutical
manufacturing.

In its natural context hCMAIEL drives expression of the major immediate
early (IE) proteins IE1 and IE2 to initiate a hierarchical viral gene cascade (Isomura
et al, 2004). Functioning as the master regot of productive viral infection,
hCMV-IE1 activity is the primary determinant of both cellular permissiveness and
infection outcomesi.g. abortive, lytic or latent) (Stinski and Isomura, 2008; &tu
al., 2013). Accordingly, in order to enable a brdaubt cell range, hCMMEL is a
highly complex element that has evolved to contain multiple discrete transcription
factor regulatory elements (TFRES) cognate for common cellular transcription
factors (TFs) (Stinksi and Isomura 2008). First characterisdteid980s, its ability
to deliver rapid, high levels of transcription in diverse cell types led to its
establishment as thée factochoice for driving recombinant gene expression in
mammalian cellsin vitro. Still routinely employed in the vast majorityf o
mammalian expression vectors hCME1 (hereafter referred to as CMV in this
chapter) is perhaps the most recognisable and widely utilised genetic element in
modern day molecular biologalle 2013.

Unsurprisingly, the promiscuous strong activity i€ has been utilised to
drive transcription of biopharmaceutical products in CHO cells. Capable of driving
constitutive high levels of target gene expression within CHO cell factdrigas a
gold standard vector component for over 20 years (Haztkal, 2009). However it
has been associated with undesirable bioproduction characteristics including i)
induction of cell stress and activation of apoptotic pathways, ii) cell cycle dependent
activity, and most significantly iii) contribution to productionsiability via
promoter silencing and gene deleti@®e Boeret al, 2004; Dale 2006; Kinet al,

2011) Accordingly, some contemporary production vectors employ alternative
elements such as th@hinese hamster elongation faciold ( €IHBEF pr omot e
(Runnng Deer and Allison, 2004). Whilst endogenous regulatory elements offer

some improved functionalities (e.g. enhanced expression stability), they are typically
significantly less active than CMV and exhibit far less efficient transcriptional
activity per unt DNA sequence (CHEF1U is > 15x
therefore remains particularly attractive for use in situations where optimised
productivity requires maximised transcriptioanfor example in the production of

easy to express proteins and in T@H#AcLeod et al, 2011; Zhuet al, 2012). Its
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functionality in the latter is likely to become increasingly important if TGE systems
are developed for larggcale therapeutic protein manufacturing (Gatial, 2013).
Numerous strategies have been employed tiangpts to improve CMV
functionality for biopharmaceutical production in CHO cells. For example, co
expression of the adenoviral E1 protein and heat shock at 42°C have both been
shown to enhance CMV activity (Cockedt al, 1991; Pshenichkirt al, 2011)
Further, compoundsthat promote euchromatic histone modifications (e.qg.
hyperacetylation and demethylatisgych as sodium butyrat8,aza2 6 deox y ci t i di
and dimethyl sulfoxide have been shown to increase @kiéen transgene
expression in CHO cells (Rhakrishnaret al, 2008; Choiet al, 2005). This is
unsurprising given that the CMV promoter is known to recruit histone deacetylases
(HDACs) and methyltransferases and is associated with heterochromatic histone
modifications {.e. CMV promoter silencing during viral latency (CuevaBennett
and Shenk, 2008; Stinski and Isomura, 2008; dtial, 2013). Moreover, the same
reagents have -bdetinv asthodvnCMW iédmremul tipl e
suggesting CMV may be silenced in CHO cells via commongscdbed
mechanisms (Murphyet al, 2002; Grassiet al, 2003, Kelleret al, 2007).
Unfortunately these compounds are typically poorly compatible with bioreactor
processes due to unpredictable and undesirableeffelets on critical cellular
characteristics such as proliferation and apoptosis (Wang and Zhang, 2007; Jiang and
Shafstein, 2008). An alternative approach has utilised accessory elements from the
CMV genome (unique region (UR), modulator, exonA, intronA) to increase protein
production from CMV promotecontaining expression cassettes. This strategy has
been employed byat least one well known contract manufacturer. Whilst
employment of these four elements simultaneously has been shown to increase
productivity (Mariatiet al, 2010), multiple studies have indicated that the UR and
modular components exhibit negative effe on CMV transcriptional activity
(Huanget al, 1996, Chacet al, 2004; Leeet al, 2007). Enhanced productivity is
l'i kel y a r ERscompbnentsf(exanA and idtiapflinctioning via non
CMV specific, weltestablished mechanisms to increase NAR abundance
(increased RNA POL 11 processi vi tend enha
premRNA processing), export and translation rates (Skaikal,, 2011; Bicknellet
al., 2012), and/or ii) UR and modulator components exhibiting@btV specific,
well established MARike insulator function in stable cell lines (Lashneit al,
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2004; Stinski and Isomura 2008). Accordingly, these accessory viral regulatory
el ements are not considered tie.dcmmpri se
positivelyaugmet CMVGOs transcriptional activity]
discrete expression cassette elements with-promoter function i(e. do not
i ncrease the rate of transcription init
bioreactorscale protein duction has not been improved in the past 25 years and
tractable strategies to predictably control or rationally optimise its activity are
currently unavailable.

The transcriptional activity of CMV is highly variable in different cell types.
Cell-specifc transactivational power is exhibited both in animal modelvivo
(Mcgrewet al, 2004; Vaset al, 2009;Mella-Alvaradoet al, 2013 and in panels
of mammalian cell lines vitro (Qin et al, 2010;Schlabactet al, 20109. As with
any promoter,CMVé& activity is a function of its constituent TFREs and the
availability of cognate TFs within the cell (Coulat al, 2013). CHGspecific
mechanistic regulation of CMV activity is therefore a consequence of the
functionality of one or more THFRE inteactions. The work in this chapter
systematically deconstructs the complex CMV promoter to identify the discrete
TFREs that control its activity in CH®©ells In silico bioinformatics analysis (of
both the CMV promoter and CHO cells TF complement) anduatiah of the
activity of discrete promoter regions identified a design space that was interrogated
via TF sequestration (utilising hik-decoys described in chaptej dnd TFRE
knockout (utilising synthetic CMV constructs with scrambled TFRE sequences).
Results indicated that the vast majority of CMVs activity within CHO cells is
dependent on just two TFREs; NFkB and CRE. Further, YY1 was identified as a
negative regulator of the CMV promoter in CHO. This knowledge will enable
strategies to predictably cwal/ improve CMVs activity in CHO cells by
engineering the promoi& TFRE composition and/or the factod&$ abundances.
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5.2Results

5.2.1 In silico identification of TFRES likely to regulate CMV promoter activity
in CHO cells

In order to identify TFRESs that are likely to functionally regulate CMV activity, the
promoters TFRE composition was analysedilico using online search tools that
scan DNA sequences for TF binding sit&sanscription Element Search System
(TESS) and Transcription Affinity Prediction tool (TRAP) were utilised, employing
stringent search parameters to minimise false posi{Masike et al, 2008; Schug
2008) The CMV promoter is defined as the sequence rapgnfrom -560 to +50
relative to the transcriptional start site of the IE1 gene within the viral genome,
comprising three structurally distinct, synergistically functioning componetite
distal, proximal and core promoters betwe&60 to-300,-300 to-50 and-50 to +
50 respectively (Stinski and Isomura, 2008). The bioinformatics analysis confirmed
CMV to be an extremely complex genetic element, containing 42 separate binding
sites distributed throughout the distal and proximal promoters at a frggaEpoe
site per every 12.4 bpg-igure 5.). A total of 12 discrete TFREs were identified at
copy numbers ranging fromil8, where the most abundant (> 3 sites) were YY1,
NF1, RARE,GC-box, NFkB and CRE (comprising both CREB and APbinding
sites due tmbserved functional redundancy (van Dam @adtellazzi, 2001; Manna
and Stocco, 2007

In order to evaluate the likely functional relevance of the TFREs identified by

bioinformatics analysis, a comprehensive literature review was carried out of

previousst udi es investigating CMV6s mechanis

Given the CMV promoterds function as
outcomes its activity has been extensively characterisdtuimnan cell lines. As
shown in Table 5.110 of the 12 TFREs have previously been identified as
functional effectors of CMV activity in other cell systems (no additional TFREs
were identified). Many of these TFREs have been differentially identified as neutral,
negative or positiveegulatorsof CMV activity, depending on cellular host and
expression conditions (lytic viral infection, recovery from latency, or transient

expression]Galle 2013. Previous studies therefore both i) highlighted the complex
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and contexspecific regulation of the CMV promoteand ii) provided empirical

evidence suggesting that the vast majority of elements ideniifisdico had the

potential to regulate CMVO6s activity i
- 560 - 300 -50 +50
K— Distal Promoter > Proximal Promoter ¥ Core —

IYYl INFl 0 ear1 MSX IC/EBPa ORARE ICArG 'CRE 0 GC-box INFkB

‘ERF ‘Gfi ‘O TA box: INR I5>Transcriptiona|

’ Start Site
Figure 5.1: The CMV promoter contains multiple copies of numerous discrete
transcription factor regulatory elements. The human cytomegalovirus immediate early 1
promoter was surveyed for the presence of discrete transcription factor regulatory elements

using Transcrption Element Search System (TESS) and Transcription Affinity Prediction

(TRAP) algorithms usingtringent search parameters to minimise false positives.

Table 5.1: Previous empirical evidence showing discrete TFREs functionally regulate

CMV promoter activity. In silico analysis of the CMV promoter identified 12 discrete
constituent TFRESs. Literature databases were comprehensively searched to identify previous
studies that have shown these TFREs to be functregalatorsof CMV activity in any cell

host An example reference is given for each TFRE.

TFRE Evidence of effector function
CArG Caposicet al, 2010

C/EBP Proschet al, 2001

CRE Lashmitet al, 2009

E4F1 X

ERF Wright et al, 2004

GC-box Isomuraet al, 2005

GFI1 Zweidler-Mckay et al,, 1996
MSX X

NF1 Lashmitet al, 2009

NFkB Liu et al, 2010a

RARE Ghazalet al, 1992

YY1 Pizzorno, 2001
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Previous work in this thesis dection 3.2.3 determined the relative
transcriptional activity of 11 of the 12 (ERF was not includethe screenCMV-
constituent TFREs in CHS cells Figure 5.3. Five of these elements could
independently mediate recombinant gene expression in-Sld€lls using available
TF activity. It wasthereforehypothesised that these five CHiotive TFREs (NFkB,

CRE, GGbox, E4F1, C/EBR) were likely regulatorsof CMV adivity in CHO.

Whilst TFRE inactivitymay have been a consequenceassaydesign features.é.
suboptimal TFRE sequences, TFs unable to drive transactivation independently) it
could be evidenceghat cognate TFs fothe six CM\tconstituent CHGnactive
TFRESs are not expressed in CHO cells. It is predicted that CHO cells may express a
particularly narrow range of transactivators given their loss of specific functionalities
over the course of longerm (> 50 years) cultur@ vitro (Lewis et al, 2013; Xuet

al., 2011) In order to evaluate the availability of cognate TFs for Ghistituent
TFREs within CHO cells, CHO genomic (Xet al, 2011), transcriptomic
(unpublished data available-house; ~40 Gbof transcriptome sequence data from
exponentially growing ECACC CH®1 cells cultured in CBCHO) and proteomic

data (BaycirHizal et al, 2012) wee analysed. As shown in Table 5t@e CHO cell

TF complement contains potential cognate bindgiagners for 7 of the 12 CMV
constituent TFREs.

It is noted that i) unknown TFs may bind to TFRES, ii) TF expression may
vary between different CH®ell hosts, iii) TFs are particularly challenging to detect
by proteomics (Hargroveet al, 1989; BaycirHizal et al, 2012) and iv)
transcriptomic/ proteomic data sets are rarely exhaustive. However, the presence of
available cognate TFs in two separate studies utilising two distinct CHOnesl|
clearly identifies TFREs that are likely to be regulators of\C#ttivity in CHO
(C/EBP, CRE, Gébhox, NF1, NFkB, RARE, YY1). Moreover, four TFREs for
which cognate TFs were not identified (CArG, ERF, GFI, and MSX) were also
inactive in the CHE5 TFRE functional screen and present at relatively low copy
numbers (< 3 &&s) in the CMV promoterTherefore, based on the silico analyse
it was predicted that CMVdés activity wit:
of the interplay between one or more of the following eight TFREs: C/EBP, CRE,
EF41, GCbox, NF1, NFKBRARE, and YY1.
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Figure 5.2: CMV -constituent TFREs exhibit variable activity in CHO-S cells. Seven

copies of each TFRE were cloned in series upstream of a minimal CMV core promoter in
reporter vectors encoding either GFP or SEAP reporters. -Sldélis(2 x 10) in 24well

pl ates were transfected with 1 g of -SEAP (¢t
vector. SEAP activity in cell culture supernatant and intracellular GFP were measured 24 h
posttransfection. Data are expressed as adblhg with respect to the activity of a vector

containing only a CMV core promoter (Core). A random 8bp sequence with no known
homology to TFRE sequences (8mer) was also used as a control. Bars represent the mean +

SD of three independent experiments eactopmed in triplicate, using three clonally

derived plasmids for each TFREporter construct. Modified from Figuge?.
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Table 5.2: The CHO cell TF complement contains potential cognate binding partners
for multiple CMV -constituent TFREs CHOmics data was analysed to evaluate the
availability of cognate TFs for CM¥¢onstituent TFREs within CHO cells. Genomic (¥iu

al., 2011) and proteomic (Bayelizal et al, 2012) data were accessed at CHOgenome.org.
Unpublished transcriptomic data (~ 4Gb of transcriptome sequence data from
exponentially growing CHEX1 cells) was available thouse A maximum of four cognate
TFs are listed for each TFRE within each dataset.

Cognate TFs present

TFRE Genome Transcriptome Proteome

CArG SRF X X

C/IEBP C/ EBPo; C/EBIC/EBPo; C/EHC/EBPg
C/ EBPg

CRE ATF1; CREB1;c-Fos; ATF1, CREB1, €Jun ATF1; CREB1;
c-Jun JunB

E4F1 E4F1 X X

ERF ERFlike X X

GC-box EGR1; GCFCllike; SP% EGR2; GCFC1 GCFCtlike; SP3
like; SP2like

GFI GFI-1; GFF1B X X

MSX MSX1; MSX2; MSX3 X X

NF1 NF1A; NF1B; NF1C; NF1X| NF1A; NF1B; NFiC; NF1B; NF1X

NF1X

NFKB NFKB-p100; NFKBp105 | NFkB-p105; RELA; RELB| REL; RELA,;
REL; RELA RELB

RARE RARU; RARD; RARU; RARD; |RXRHD
RXRU RXRU

YY1 YY1-like X YY1

5.2.2. Functionallyredundant TFREs synergistically regulate the CMV

promoter GrCH®cetlsi vi ty

In order to evaluate the functional contribution of discrete CMV structural
components to promoter activity, GFP reporter conttrogntaining either the distal

or proximal promoter upstream of the CMV core were created. Their relative activity
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compared to the full CMV promoter (distal + proximal) was determined by transient
productionas it provides bothamo d e | system of CMV-day pr edc
function {.e. driving transient protein productionand a direct readout of
transactivation without potential interference from integrasipacific effects or
silencing. Whilst GFP production is not a directeasurement of transcriptional
activity, assay conditions were optimised such that G&™P reporter activity was
in the centre of the linear assay range with respect to plasmid copy number (DNA
load) and measured GFP output. Measurement of GFP produdtgsntransient
transfection of CHES cells with each reptar plasmid is shown in Figure 5.Bhis
analysisidentified that the distal and proximal promoters exhibit@& and 760 of
the activity of the full CMV promoterwhere minimal reporter expressiowas
observed with the core promoter alone (< 1% of reporter activity of @W¥P). The
data thereforendicated that whilst both components exhibited significant activity
(i.e. both contained CH@ctive TFRES), the proximal promoter TFRE composition
contaired greater transactivation potentialirther, given that the cumulative activity
from both componerg in isolationwas greater thathat of the full promoterthe
analysis suggested that CMV contains functionally redundant TFREs

In order to bothi) further evaluate the functional redundancy of CMV
constituent TFREs ral ii) determine whether transcriptional activity could be
pinpointed to smaller discrete promoter regions, sixajsilatory modules (CRMS;
100bp regions containing > 5 TF binding sittem within the CMV promoter were
cloned upstream of a CMV core irF8 reporter constructs (Figure b.#he relative
transcriptional activityof CMV-CRMs is shown in Figure 5.4The majority of
CMV-CRMs had minimal activity compared to the full CMV proter. The data
showed that CMV was 6égreater than the su
of the six CRMs (that collectively contained
composition) totalled only ~ 60% of that @fll CMV promoter. It was therefore
inferred that CM\fconstituent TFREs function synergistically to regulate the
promoterds activity in CHO <cel timally Whil s
redundant TFREsthe CRM data indicatethat positive effectors of activity are
widely distibuted througout the sequence and further highlighted that they are
relatively more abundant within the proximal, as compared to the distal, promoter.

Whilst significant activity could not be localised to smaller discrete promoter

regions, preventing a simplified analysis of mechanistic regulation, comparison of
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CRMGs relative activities and TFRE compositions enabled determination of putative
TFRE functonalities. For example, the two most active CRMs (CRNnd § had

very similar TFRE compositions, where NFkB, CRE and-la& elements
accounted for 5/6 of the constituent TFREs. The data therefore indicated that one or
more of these three TFREs were pgsiregulatorsof CMV activity in CHO. This

was unsurprising given that previous work in this thesis determined NFkB, CRE and
GC-box elements to be functionalffectors of CHO-specific synthetic promoter
activities However, CRMs 3 and 4 both contained tiplé copies of these TFREs

yet exhibited virtually no transcriptional activity. Whilst more complex design rules
may have governed NFkB, CRE and BQx function within CRM constructe(Q.

spatial effects, combinatorial interactiong) was predicted thathe inactivity of
CRMs 3 and 4 was a consequence of negative effector TFREs. Both constructs
containedmultiple NF1land YY1 sites, indicating that one looth of these elements

may function to negatively regulate CMV activity in CHO. It was therefore
corcluded that the mechanistic regulation of CMV promoter activity in CHO cells
likely involves TFs binding at discrete TFRES to repress transcriptional activity
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Figure 5.3: Discrete CMV promoter structural components exhibit differential activity in
CHO-S cells.The CMV promoter comprises two structurally distinct, synergistically functioning
components (distal angroximal promoters; see Figure Sdr relative TFRE compositions).
CMV distal and proximal promoters were cloned upstream of the CMV coregper in GFP
reporter plasmids. CHS cells (2 x 18) in 24-well plates were transfected with 300ng of CMV
reportervector and GFP expression was quantified 24 h-passfection. Data are expressed as
a percentage of the production exhibited by the @V (distal + proximal) promoter. Bars

represent the mean + SD of three independent experiments each performed in triplicate.
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Figure 5.4 Discrete cisregulatory modules from within the CMV promoter exhibit
differential activity in CHO -S cells Cisregulatory modules (CRMs) from within the CMV
promoter were cloned upstream of the CMV core in GFP repo@&M TFRE compositions

are shownCHO-S cells (2 x 19 in 24well plates were transfected with 300ng of CNDRM
reportervector and GFP expressiavas quantified 24 h pestansfection. Data are expressed as

a percentage of the production exhibited by eithethe full CMV promoteror B) the most

active CRM Bars represent the mean + SD of three independent experiments each performed in

triplicate.
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5.2.3.YY1, NFkB and CRE are functional regulators of CMV activity in CHO

cells

In order tospecifically determine whether discrete TFREs functionally regulated
CMV activity in CHO cells, TF decoy molecules targeting the eight TFREs
identified in silico as likely effectors of promoter activity were constructed. TF
decoys, short synthetic oligodeoxynucleotides containingpexific TF binding
element,compete for availablentracellular TFs and prevent theassociation at
target promotex This ste-specific TF sequestration makes them an ideal method for
determining the functional contribution
The blockdecoy methodologgf decoy formation that wadeveloped previously in
this thesis and designed spemafly for characterising THFRE interaction
functionalitiesin CHO cellswas utilised(Brown et al, 2013. In order to facilitate
the use of maximal decoy concentratiprGMV-SEAP reporter constructs were
created to enable more sensitive detection oM3Mven reporter expressidne. to
reduce reporteplasmid DNA load).It was previously shownhat three different
TFRE-specific blockdecoys were able to specifically inhibit > 90% of expression
from promoters dependent on their target TFREdeaby © ncent r at i ons of
(Brown et al, 2013. Accordingly, to esure maximal inhibition of the
transactivation mediated [®ach CM\fconstituent TFREdecoy concentrations df
¢ g / wele employedn this study Preliminary experiments confirmed that SEAP
guantitation was in the linear assay range with respect to plasmid copy number and
measured SEAP output when CF8Ocells were caransfected with £ g / dadoy
and 1e¢ g/ @MV-SEAPRreporter (moreoverexperiments within this laboratory
have confirmed thaBEAP activity in cell culture supernatant is linearly correlated
with SEAP mRNA levels podtransfection providing a direct measurement of
transcriptional activity)

Measurement of SEAP production after transientransfection of CHES
cells with CMV-SEAPRreporter and each TFR&peific decoy is shown in Figure
5.5, This analysis identified that CMV activity was increased > 1.5 byldrY1l
decoys, suggesting that YY1 binds to cognate sites within the CMV promoter to
negatively regulatets transactivabn. In contrast, CMV activity was reducday
38% and49% by CRE and NFKB decoysespectively. The data therefore icalied
that CMV activity in CHO wa highly dependent on TFs binding at thetseo
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discrete element&lthough CMV activity wasnot significantly affectedoy theother

five TFREspecific decoys@/EBP, E4F1, G&ox, NF1, RARE)it is assumed that

the relative extent to which each TFRRecific blockdecoy inhibits expression
from its target TFRE is a function of blocdecoy specific differencem both the
relative intracellular abundance of TFs and-THRE block binding kinetics.
Therefore, it is noted th#he blockdecoy approach does not provide definitive proof
of neutral effeabr function(i.e. falsenegatives couldhaveoccured). Moreove, as
CMV apparently contains functiorgl redundant TFREgFigure 5.3, it was
hypothesisedhat identified neutral effectors may have regulatory function in the
absence of NFkB and CRMediated transactivatiomn order toboth evaluatethis
hypothesis and determine if the twaentified positive regulatoryelements(NFkB

and CRE)functioned synergistically to transactivate CM¥, chimeric decoy
targeting both CRE and NFkB was creabgdigatingNFkB and CRETFRE-blocks

at a 1: 1 stoiclimetric molar ratioln order to maintain decoy loads and TFRE block
copy numbers, single targdecoys (NFkB or CRE) were constructed by ligating
consensus and scrambled TFRE blocks at a 1: 1 molar ratio (e.g. CRE decoy
congructed by ligating CRE-consengs and NFkBscrambled TFRE blocks
Anticipating that chimeric decoys would require a greatgrcentration of decoy to

be transfected to achieve a specific reduction in TRiREiated expression (as the
number of copies of each TFRHock is effectively hived per decoy molecule) an
increased TFREecoy DNA load was utilised per transfection. Preliminary
experiments showed that a decoy concentration of 6 pg/ml was the maximal decoy
load that could be etransfected whilst still maintaining SEAP quantitationthe
linear range from the CMABEAP reporter plasmid (trarsfted at 1ug/ml). As
shown in Figure 5.5CMV-driven SEAP expression was reduced by 77% by the
chimeric decoy, where decoys targeting either CRE or NFkB individually reduced

CMV activity by 3%%6 and 46% respectivelfhe analysis therefore indicated that i)

the vast majority of CMVs activity in CHO cells is a functional consequence -of TF
TFRE interactions at NFkB and CRE sites andaiilarge proportion of the CMV
sequence is redundant in CHé@mprising multiple TEFREs (C/EBP, E4F1, &i0Xx,
NF-1, RARE) that exhibit minimal transactivation potential.
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Figure 5.5 YY1, NFkB and CRE are functional regulators of CMV activity in CHO-S cells.A)
CHO-S cells (2 x 18) were cetransfected with Jug/ml CMV promoterSEAP reporter plasmid and 4
pg/ml blockdecoys targeting different transcription factor regulatory elem&yt&HO-S cells (2 x

10°) were cetransfected with 6 pg/ml chimeric block decoys anpglml CMV-promoter reporter
plasmid. Chimdc block decoys targeting both NFkB and CRE (NFkB + CRE) were constructed by
ligating CRE and NFkB TFRiblocks at a stoichiometric molar ratio of 1: 1 (control scrambled
chimeric decoys contained the same ratio of scrambled T&Eks). Chimeric decoys rigeting

CRE or NFkB wereconstructed byigating consensus and scrambled TFRE blocks at a 1: 1 molar
ratio (e.g. CRE decoy constructed by ligating G&Esensus and NFk&rambled TFRE blocks).
SEAP expression was quantified 24 h pwoahsfection. Each bahows SEAP expression in decoy
treated cells relative to expression with the sabreentration of eithed) block-decoys containing a
random 8bp sequence with no known homology to TFRE sequences (8mer cari®pfcrambled
decoy control. In A and Bazh bar represents the mean + SD of three independent experiments

performed in triplicate.
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5.2.4 A CMV promoter devoid of NFkB and CRE sites exhibits minimal

activity in divergent CHO cell hosts

Decoymediated physical sequestration of YY1, NFkB and &frieling TFs could
theoretically have reduced transient protein production via-GMN specific
mechanisms by affecting the regulation of multiple endogenous genes. Therefore, in
order to confirm that THFRE interactions at these elements specificallyletgd

CMV activity in CHO cells, synthetic CMV constructs were created with YY1,
NFkB and CRE binding sites O0del etoedo.
AATCGCAAGT), CRE (all 8 CRE sites scrambléol CTACTGTG and NFKB +

CRE (all NFkBand CRE sites scrambled) knocko(#s) were synthesised and
inserted into SEAP reporter vectors. Construction of a YY1 knockout was more
complex as the YY1 consensus sequence is extremely degenerate and has a very
short core sequence (CCATGRglebiowskiet al, 2012. YY1 sites are accordingly
challenging to identifyin silico, particularly when stringent search parameters are
employed to minimise false positives (as they were in the CMV bioinformatic
survey) (Schug, 2008). It was therefore predicted that CMV promoter may
contain additional potential YY1 binding sites that were not identified by the initial
in silico analysis. Utilising the online Regulatory Sequence Analysis (RSA)-oligo
analysis tool (van Heldest al, 1998) it was determined thattlsore YY1 sequence
CCAT (or the reverse orientation ATGG) occurs in 16 discrete occurrences and is
the most abundadmer within the CMV promoter (Figure 5.6I'herefore as i) YY1

core motifs are apparently evolutionarily maintained in the CMV promoter
suggesting functional relevance and ii) empirical evidence indicates YY1 can
potentially bind to any site containing the CCAT core seque@Go&biowskiet al,

2012, all 16 CCAT motifs were scrambldtb TGTC)to ensure deletion of every
possible YYZ1binding site. However, as shown kigure 5.6 due to binding site
overlap this potentially affected the functionality of multiple putative positive
effector sites (i.e. scrambling YY1 elementslisrupted multiple CRE and NFkB
consensus sequengegccordingly, it was hypothesised that the YXIO-CMV
promoter would exhibit a reduction in the binding of both transcriptional repressors

andactivators.
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Figure 5.6: The CMV promoter contains 16 putative YY1 binding sitesThe human
cytomegalovirus immediatearly 1 promoter was surveyed for the presence of extended
((CIGIA)(GIT)CCATN(T/A)(T/GI/C)) and core (CCAT) YY1 consensus sequences. Analysis
with the RSA oligeanalysis tool determined that the YY1 core consensus sequence is the
most abundant 4mer withimeé CMV promoter, indicating evolutionary maintenance and
functional relevance. A CMMWY1-Knockout(KO) was constructed by scrambling all 16
potential YY1 binding sites (measurement of its activity in divergent @dlD hosts is
shown in Figure 5) Due toTFRE overlap, sequence scrambling at 7 discrete YY1 sites
simultaneously disrupted NFkB or CR&tes within the CMV-YY1-KO construct (as
indicated).

As it was hypothesised that CMVOs me
different CHO cell lines due to vang TF complements, the activity of synthetic
CMV promoters was evaluated in tworamonly utilised hosts. Figure 5shows the
transient SEAP production from all synthetic CMV promoters compared to a control
wild-type CMV (no TFREs scrambled) in CH® andCHO-K1. The data showed
that relative promoter activities were approximately maintained in both CHO hosts.
YY1-KO, NFKB-KO and CREKO promotersexhibited 38 42% (CHOK1 i CHO-
Srespectively, 48- 30% and 92 85% of wildtype promoter activity respecéiy.

The analysis therefore identified that whilst deletion of NFkB elements significantly
reduced CMV activity, removal of CRE sites had minimal effect on promoter
strength.However, when both NFKB and CRE sites were deleted simultaneously
(NFkB+CREKO) promoter activity was reduced to -B86 compared to wikdype,
suggesting that CMANFKB-KO mediated expression was dependent on GRE
mediated transcriptional activation. The data therefore indicates that CRE sites

within CMV exhibit significant transactivatiopotential, but are largely functionally
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redundant in the presence of NFkB sites. Further, the analysis verified the findings of
the blockdecoy study in showing that the vast nayoof CMV promoter activity (>

80%) in CHOis a functional consequence of -TIFRE interactions at NFkB and
CRE regulatory elements. Accordingly, it was perhaps unsurprising that C¥1Vv

KO exhibited reduced activity compared to wiigppe CMV (despite the finding that

YY1 block-decoys increased CM¥ctivity > 1.5 fold) given that multiple CRE and
NFkB sites were idrupted n this construct (Figure 5.6Whilst it therefore proved
intractable to conclusively determine if YY1 sites are negatgalatorsof CMV
activity, the TFRE deletion analysis defively confirmed that CMV activity in

CHO cells is predominantly dependent on just two discrete positagulator

TFREs; NFKkB and CRE.
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Figure 5.7. Deletion of NFkB and CRE sites abolishes the vast majority of CMV
promoter activity in CHO cells. Synthetic CMV promoters with varying TFREs knocked

out (.e. scrambled) were synthesised and cloned into SEAP reporter vectors. The relative
activity of each synthetic CMV construct was determined in €H@nd CHGK1 cells.

Cells (2 x 16) were transfected wit300 ng SEAReporter vector, and SEAP production
was quantified 24 h postansfection. Data are expressed as a percentage of the activity of
the wildtype CMV promoter in each cell line. Bars represent the mean + SD of three

independent experiments égeerformed in triplicate.
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5.3Discussion

The work in this chapter shows that @\promoter activity in CHO cell factorids
predominantly mediated via CRE and NFkB TFREs. Physical prevention -of TF
TFRE interactions at these sites, by either intralzellliF sequestration or TFRE
deletion, independently reduced CMV activity by approximately 75% and 85%
respectively. The involvement of these two elements in CMV regulation is
unsurprising given that they i) are present at relatively high copy numbehg in t
promoter, ii) have cognate TFs available within CHO cells (Baktral et al,
2012), iii) have previously been shown to be transcriptionally active in CHO cells
(Brown et al, 2014) and iv) have commonly been identified as regulators of CMV
activity in divergent cell types (Hunninghalet al, 1989; He and Weber, 2004;
Lashmit et al, 2009; Liu et al, 2010a). However, it was unexpected that the
remaining CM\fconstituent TFREs were largely unable to positively regulate
promoter activity, suggestingdahthe majority of the CMV sequence is functionally
redundant in CHO. Despite CMVO6s hieghly ¢
TFRESs, 42 binding sites) itmechanistic regulation in CHO cells is therefore
apparently relatively simplistic.

Disruption of NFkB-mediated promoter transactivation via either TFRE
deletion or TFsequestration reduced CMV activity by approximately 50%.
Additional, simultaneous disruption of CREediated transactivation (by either
method) further reduced CMV activity to approxielst80% of wildtype levels.
However, in isolation, physical sequestration of GRiding TFs significantly
reduced CMV activity whilst CRE site deletion had minimal effect. These data
suggest that CRBinding TFs can regulate CMV activity both directlye(binding
at CRE sites within the promoter) and indirectly (for example by either interacting
with, or regulating the expression of, other TFs). With respect to the latter, it was
recently shown tht CREbinding protein lregulated CMV activity in 293T edls
without directly binding to the promoter (Ched al, 2014). The analyses therefore
indicated that whilst NFKB sites could almost completely compensate for CRE site
deletion, CRE sites could only partially compensate for NFkB site deletion.
Accordindy, CMV promoter function in CHO cells can largely be explained by the

following simple design rules: 1) activity is primarily dependent on NFkb sites
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(mirroring previous work in this thesis that showed Ck{§cific syntletic promoter
activities were primaly a function of NFkB site copy numbers), 2) when NFkB
mediated transactivation is disrupted (as may occur under certain cellular conditions)
activity is predominantly dependent on CRE sites, and 3) if NFkB and- CRE
mediated transactivation are simultangly disrupted the vast majority of promoter
activity is abolished.

A mechanistic understanding of the CM
CHO cell factories will enable strategies to precisely control or improve its
transcriptional activity. For exan® it has been shown in multiple cell models that
the CMV prometidrencceerddébeoyédencreasing the
active positive effector TFKeller et al, 2007;Stinski and Isomura, 2008; Liet
al., 2013). Indeed, in N'era2 cellsCMV activity can be immediately églenced by
phorbol ester stimulation via a mechanism that is entirely dependent-airRE
interactions at NFkB and CRE sites (lgtial, 2010a). Accordingly, production cell
lines suffering productivity loss as a wésof CMV silencing could potentially be
O0rescuedd |eypressimgt dr aativatiogy BFkB and CiRbding TFs.
Moreover, utilisation of the same strategies in the development of future producer
cell lines may both increase production and help revgnt the occurrence of
silencing. Overexpression of NFkB and GRiading TFs and/or the development of
production processes to specifically control/optimise their intracellular abundances
could also enable significant increases in Ghl'Wen transient mtein production.
Given that CMV is currently the promotef choice forCHO TGE systems this
could both optimise the production of early stage produetdévelopment material
for toxicology and clinical trials testin@Paramolaet al, 2013)) and helgacilitate
exploitation of TGE as a method for largeale biopharmaceutical manufacturing
(De Jesus and Wurm, 2011).

Disrupting YYlmediated regulation of CMV activity may provide
additional opportunities to improve promoter performance. Physical deafigss of
YY1 with block-decoys increased CMV activity to approximately 150% of wild
type levels, indicating that YY1 is a negative regulator of CMV in CHO. YY1l is a
well-known repressor of CMV activity in other cell types and can repress
transcription by competing with activators for promoter binding sites and/or
recruiting cerepressor complexes (Liat al, 1994; Pizzorno, 2001, Liet al,
2010b). With respect to the former, many of the putative YY1 sites in CMV overlap
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with, or are in close proximity to, NFkB and CRE elements. With respect to the
latter, YY1 can recruit histone deacetyltransferases and methyltransferases to
promoters (Zhangt al, 2011), and therefore may play a key role in mediating CMV
silencing in sable CHO cell lines (Liet al, 2013). However, in contrast to bleck
decoymediated disruption of YY1 regulation, deletion of all putative YY1 binding
sites reduced CMV activity by approximately 60%. This is likely explained by the
fact that deletion of¥Y1 sites simultaneously disrupted multiple NFKB and CRE
elements. Construction of CHOpeci f i ¢ sy ntkleédt ipo omOMer s
YY1 binding sites and containing fully optimised CRE and NFkB compositiaas (
optimised copy numbers, orientatiopasing, location and affinities) (Sharenal,

2012) may provide significantly increased activities. Such promoters could
potentially be usedo maximise recombinant gene transcription levels in transient
protein production Alternatively, TGE yields maye optimised by utilising the

wild-type CMV promoter in conjunction with Y¥&pecific blockdecoys.
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Chapter 6: Conclusiorns and future work

6.1 Conclusions

The tools developed in this thesis enable sophisticated, -geestration
transcriptional control in CHO cell factories. CHO cell engineers can now for the
first time 1) precisely control recombinant gene expression over broad dynamic
ranges, ii) rapidly dermine/ control the mechanistic regulation of any multi
transcription factor mediated cell function (e.g. regulation of a specific promoter) or
phenotype (e.g. regulation of cellular proliferation), and iii) implement strategies to
predictably control andémprove the activity of the most commonly utilised genetic
component,the hCMV-IE1 promoter Accordingly, functionally ildefined and
uncontrollable genetic elemenexhibiting suboptimal performance can now be
replaced with bespoke control systems afigrpredictable, precisand optimised
transcriptional activityThe novel suite of tools presented in this thesis can therefore
facilitate development of nexgeneration biopharmaceutical manufacturing systems

via the following specific applications:

1. CHO cell factory engineering.The provision of 140 discrete promoter activities,

covering over two orders of magnitude, will enable CHO cell engirtegugecisely

vary the transcriptional activity of many functional genes simultaneously in order to

obtain desired phenotypes. Critically, by utilising blatle c oy s ttesbHétre
synthetic promoters.é.d et er mi ne how di screte promote
fluctuations in intracellular TF abundances) elements can be selected that do not
exhbit promoterpromoter interfenece, allowing construction of muigene
engineering systems with robust, reliable and predictabtéogmances. The two
technologie can therefore be utilised in tandem to enable creation of bespoke,
synthetic mammalian cellfactories harbouring multiple genetic components
operating at an optimal, designed stoichiomeBy.facilitating optimisation of key
bioproduction functionalities such as protein folding and glycosylation wfills

potentially enable both (i) fengineemg of existing stable cell factories to render

failed products manufacturable and (ii) forward engineering of new cell factories

with predictable manufacturing propertiéhis will eliminate the currentoncept
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2. Productgene transcription rates. The precise control of recombinant gene
expression enabled by the synthetic promoter libraries caitilised to i) maximise
transcription levels of eagp-express proteins, ii) optimise transcription levels of
DTE proteins, such that activity is kinetically coordinated with polypegsjmkzific
folding and assembly rates, and iii) achieve optimal mspdxific light chain: heavy
chain expression ratios (bloclecoys couldagainbe employed to select promoter
pairs that do not exhibit promotpromoter interference). In the loitgrm, this will
eliminate the productivityimiting one-promotetfits-all appoach and replace it with

the concept that each specific product requires a pragecific promoter i(e.
proteinpromoter matchmaking) in order to both optimise factory performance and
maximise produtivity. In the shoriterm, whilstsynthetic promoterechnology is
being further validated, the identified hCME1 control strategies will facilitate
optimisation of the incumbent manufaéty component. Oveexpressiordctivation

of NFKkB and CREB and/or silencinghact i vati on of YY1 coul
silenced stable cell factories, ii) prevent silencing and enhance productivity in new

cell factories and iii) significantly increagmnsient protein production yields.

6.2 Future work

Future work is required to both further validate and improve this teveloped in
this thesis. Whilst many future studies may utilise bldekoys (e.g. to determine
the mechanistic regulation of discrete promoters or cell phenotypes) direct-&ollow
work will predominantly focus on hCMNE1-control strategiesand syntletic

promoter development.
6.2.1 Strategies to improve hCMWIE1 function i reduction to practice
Whilst multiple potential strategies to improve hCNEL functionality have been

proposed, followon work should focus on testing the following tapproaches as

they offer the greatest potential industrial benefits in both the short and longer term:
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1. Re-activation of silencedstable cell lines. It is hypothesised thatransiently

increasing the intracellular abundance of NFkB and CREB and/or deuyethe

abundance of YY1 will enable hCMVE 1 -sG6denci ngo. This hypo

interrogated instable producingell linesthat have sufferegroductivity loss as a
result ofhCMV-IE1 silencing These cell lines could be transiently transfecteith wi
vectors encoding discrete combinations of the NFKB2g&REB1 gene and a YY1
targetingshort interfering RNA (siRNA) Subsequent measurementh@MV-IE1
activity (i.e. protein productionpvershortterm batch cultureand during bioreacter
scale prodution processeswvould determine theefficacy of this approach to
Oreacti vat e d.This Woercauld dotemtially identify ia sirapse method
to routinely @esilencé stable cell lines that utilise the hCM¥1 promoter, with
minimal effect on ck factory performance g.g. cell growth and viability), by

transient transfect+ieantovaanooptviemi sead.

2. Optimisation of transient gene expression (TGE) system§he work in chapter

5 showed that transient hCMME1-driven protein poduction was increased by
disruption of YYZXmediated regulation. The potential to increase TGE yields by
inhibiting YY-1 activity could be determined in longeerm largerscale transient
production processes utilising either Y-gfpecific blockdecoysor YY1-targerting
siRNAs. Utilisation of reporteivectors harbouring different promoter elemens. (
testing YYZinactivation in combination with a range of discrete promoters) would
determine whether YY-knockdown specifically increases hCMEL activity or
generically improves CHO cell functionalityMeasurement of key factory
performance indicators .@ cell viability), cellular productivity and proteiyields
would accordingly confirm whether TGE systems can be simply optimised by YY1

inactivation.

6.2.2 Synthetic promoter library development reduction to practice

Given the availability of expssion stability enhancing strategies (such as
recombination mediated cassette exchange and matrix attacregems (MARS))

it is anticipated that synthetic promoters will maintain their relative activities in
stable expression systems. However, clearlyill be imperative to rigorously test
this hypothesis. This could be achieved by cloning a panel of functionally diverse

132

O !



(with respect to expression range) synthetic promotergemarterprotein encoding
vectoss containing the genetic elements neaegdor producing stable CHO cell line
transfectants (e.g. glutamine synthetase selection marker, MARs, introns). Each
synthetic promotereporter vector could then be utilised to create triplicate stable
transfectant pools, prior to monitoring of reporpeoduction and cell proliferation

over longterm (> 100 generations) batch culture. Evidence of robust and predictable
performance in stable CHO cell factories would be a significant step towards
integrating synthetic promoter technology into biomanufaogusystems.

Whilst TFREreporter vectors provided a robust measurement of TFRE
activities they were limited to assaying a relatively narrow range of TEREBS),
restricting the subsequent synthetic promoter design space. Utilisation of a high
throughpt assay system, such as the recently described massively parallel reporter
assay (MPRA) Nelnikov et al, 2012; Kheradpouet al, 2013, would enable
functional screening of all known TFRE$ 200) In addition to the screen used in
this study €hortterm transient expression in multiple CHO hosts) the MPRA could
be employed to determine the relative activity of each TFRE in bioproelessaint
production conditions through a fédtch culture, utilising stable poolBFRESs that
are active in all CHO celtypes, and maintain high activity during extended
stationary phase culture could then be selected to construegemadation synthetic
promoters specifically designed to operate within specific process parameters,
enabling optimal control of cell spedfproduction rate during bioreactor operations.
Moreover, identification of production phase specific TFRE functionalities would
enable promoter design that permits biphasic cell biomass accumulation and product
synthesis.

Finally, it will be necessaryot exemplify that nexgeneration CHO cell
factories can be created Bmploying synthetic promoters to improve factory
performance via controlled and predictable multigene engineering. This could be
achieved B using a combination of desigi-experimentsresponse surface
modelling and multigene expression to construct enginesnetheticcell factories
capable of significantly improved TE proteinsynthesisFor example, DTE product
genes (such as tissue plasminogen activator and erythropoietin) coutd- be
expressed with discrete combinations of functional genes that have previously been
utilised singly for CHO cell engineering (e.g. chaperones, regdoteins, unfolded
protein responsdransactivators, vesicle trafficking componengsc). Statistical
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modelling could then be employed to determine optimal functional gene
stoichiometries that couldubsequentlype achieved in novel synthetic factories by
utilising appropriate synthetic promoterse(with appropriate relative activities) to
construct mulgene engineering vectors. Creation of stable cell clones expressing the
DTE protein, and monitoringf their growth and productivity, would then determine
whether these bespoke CHO cells were able to increeshictvity via protein

specificdesign soltions.
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Appendix A: Synthetic promoter TFRE-block compositions

Supplementary Table 1: Sequenceand relative activity of first generation synthetic
NREPEB= Ebox, G=GGb o x , B =RE,C/=EBRER K= E4F1

promoters. N

RE. Reverse orientatioch3 6 t o 56 with respect to the SE
apostrophe.

Promoter Sequence Relative Activity (%)
1/01 N E E N G B C E6 B6 N N 100
1/02 E6 F F6 B6 E GO6 NO6 EOG B 84.46
1/03 E E G6 C Nbd Gb6 G GO Cbo 67.20
1/04 B6 C6 E6 G C BO6H N NO NO 58.3
1/05 G F N G N B6 N6 B C EO 56.87
1/06 C E E6 G6 E N E C BO6 GO 54.89
1/07 B6 E B6 G6 N B B E C6 N 54.71
1/08 E E6 N6 C B6 E6 E G B E 52.64
1/09 B G6 N Bd6 Cd NO E EO CO 51.31
1/10 Bd E N6 E E6 B Cd G G N 48.83
1/11 C6 EO6 N BO6H E Gb6 F©O 47.64
1/12 B6 N N E E G6 C E NO Bb©O 47.18
1/13 G B E6 N6 G E N Cd6 BO6 N 44.7
1/14 C G G N C B B6 N6 N Co 38.43
1/15 N6 B F6 C6 N6 B E6 N C6o 35.94
1/16 C FO6 NON BOBH C6 E EO 34.31
1/17 G6 G G B6 E N B N6 Bo6 G 34.27
1/18 N N6 E B6 C Gb6 E BOH Cbo 34.03
1/19 E E C E C N N6 F C N B 33.77
1/20 F6 G E E E6 N6 F E B Gb©O 33.35
1/21 N E N6 E6&6 N N NO 32.57
1/ 22 F G6 B6 E N6 EO6 BO6 EO6 (@ 31.73
1/ 23 @B ONBEAN GO6 E 30.32
1/24 C N6 B B E6 F N E6 G N©O 28.25
1/ 25 G G6 B6 G6 B6H NO6H C N N 28.13
1/26 N G6 B6 N E E E6 F6 N B 27.33
1/27 B6 C E F6 B6 E F6 N G N 26.87
1/ 28 E6 F N6 N E E C N EO6 F©O 25.72
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1/29NNNNNN 25.69
1/30 C B6 N E6 EO6 G NO 24.68
1/31 B6 G B EO6 FO6 NO6 C B NO 23.33
1/32 E6 F G6 N G E E N F N 20.09
1/33 C N6 F N Go6 GO GO6 No 19.46
1/34 G G6 N6 E E F C E B6O 0 15.22
1/35 C B C6 E B GO0 NO6 BO 15.16
1/36 E C6 N G F6 F G F Gb©o 14.48
1/37 N F6 E E F F6 B N B 14.44
1/38 N6 C N C C E6 G C Bo 13.75
1/39 C6 E6 C6 EO6 F B Go6 G 13.59
1/40 EO F GFE&€ & F BOEGG6G BO 13.57
1/41 B6 B6 E G6 FO6 GO BO6 FO 12.38
1/42 F6 B6 G6 N B B FO6 EO6 E 12.23
1/43 G E6 F N C B C6 E E 12.1
1/44 G6 E E F C6 C6 BO N EO 12.04
1/45 F6 B N6 C6 B CO6 G NO EO 12.01
1/46 N G EO6 CoO0 GO E 0 E G 11.56
1/14TEEEEEEE 10.78
1/ 48 EO GO F GO 0 0 9.11
1/49 B6 EO6 F GO C G Gbo 8.94
1/50 F G6 EO EGO 0 8.74
1/51 F C6 GO N FO G N G 0 8.53
1/52 C NoO6 CO6 N Cbo 60 EO N 8.53
1/53 G GO0 FO6 N BO EO0 B 8.44
1/54CcCcCcCCCC 8.43
1/55 G6 C Co C 0 8.03
1/56 Gb6 B6 CO6 N 7.38
1/57 N6 BO6 B 0 6.89
1/58 N G C6o 7.74
1/ 59 GOEOGOEDL N B N 6.06
1/60GGGGGGG 6.03
1/61 G606 B6 C C NO 5.94
1/62FFFFFF 4.7
1/63 E6 E G G C6o 4.62
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1/64 E B B C6 F6 C B EO6 GO 4.29
1/65 F6 B Go6 B6 C E EO 6 B 4.04
1/ 66 EO EOCEGCNGOGO6E FO C 4
1/67 E6 G6 G6 N F EO6 FO6 N NO 3.94
1/68 G6 G6 N6 FO6 NO6 C BO EO

C F N6 B E F BO6 G 3.57
1/69 E G B C F6 B B G N C 3.43
1/ 70 E6 N6 G F N EO6 GO6 C F H 3.35
1/ 71 EO6 NO6CB GONC F E B 3.24
1/ 72 F F6 C Go6 Co6 BO6 C6 NoO6 (G 3.14
1/73BBBBBBB 3.13
1/ 74 C6 G6 C6 B6 B E BO6 CO B 3.1
1/75 G G N6 No6 F G F C6 B Go 2.57
1/76 B F G G G G F B C6 E F 2.52
1/77 E F E6 N F G6 N F N GO 2.46
1/78 F6 G G C6 G GO6 F NO BO 2.39
1/79 F F F6 EO66 FO6 C6 F B Cb0o 2.22
1/80 E6 G C E F6 FO6 BO G EO 2.11
1/81 B6 G C B0 G F G F©O 2.02
1/82 B6 E6 B6 B G6 B FO6 CoO B 2.01
1/83 F6 C6 F6 N B GO6 N GO 2
1/84 B6 C6 B6CF6 GO6 G EO6 B (G 1.94
1/85 C6 E E6 E B G F G FO6 F 1.87
1/86 G6 E6 N F E B6 F Cb6 EO 1.71
1/87 F6 C B6 G F G G E Fo6 Co 1.57
1/88 C6 N6 G E6 C6 G C NO Go 1.35
1/89 C6 G G B6 C C B6O 1.34
1/90 F C6 Gb6 B6 F EO6 FO6 GO6 F 1.33
1/91 E6 B66 C E FO6 FO6 F B B G 1.33
1/92 C6 E6 F C FO6 FO6 E FO E 1.26
1/93 B F6 G E G6 G N F C F 1.23
1/94 B6 E G N6 N F C G F N F 0.66
1/95 G6 G6 N6 FO6 FO EO CO BO 0.38
1/96 E B E6 B0 E E B6 F G Co 0.36
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Supplementary Table 2: Sequence and relative activity of second generation synthetic
promoters. N = NREpHEB= Ebox, G=GCb o x , B =RE.CRe&®&dddentation
(36 to 56 with respect to the SEAP reporter)

Promoter Sequence Relative Activity (as a %

of hCMV -IE1 activity)
2/01 N G E E6 N E6 EO6 N N 216.66
2/ 02 E N6 NO6 NO6 E E EOG NO 175.94
2/ 03 E E N6 G6 E NO6 EOG NO 174.82
2/ 04 N E N E N N6 NO6 E N 169.04
2/ 05 N6 N G N B6 E6 EO6 N B 166.6
2/ 06 N6 N6 N N E6 N GO6 EO 157.92
2/ 07 NO6 NO6 EO6 N GO6 NO NO6 N 155.3
2/ 08 EO6 EO6 NO6 BO NO6 NO GO 154.47
2/ 09 N6 N6 E N B N NO6 EO6 N 151.37
2/ 10 EO6 N 6 N6 N E6 N B N 15063
2/ 11 E NO N N6 NO&6 NO&6 N E 150.17
2/ 12 N6 E6 N N BO6 NO6 N N E 148.93
2/ 13 E B B6 E B6H N N EO6 N 143.62
2/ 14 E N6 NO6 N G N NO GO6 B 140.87
2/ 15 N G6 EO6 NO6 N6 N NO6 EO 140.87
2/ 16 N G6 E N N6 B6 N N GO 140.77
2/ 17 E® N GO 6 E6 E N N N 138.95
2/ 18 N6 NO6 N N6 GO6 NO6 N GO 138.83
2/19 E6 N6 N B6 N N E6 G N 137.6
2/ 20 E E N6 EO6 EO6 E NO6 GO 137.53
221NNE6 E N6 N G EO6 NO6 EO 132.61
2/ 22 N E6 G6 E NO6 B EO® NO 117.77
2/ 23 N6 E6 N6 N G N6 N N @G 117.22
2/ 24 B6 E NO& N6 E NO6 GO6 N 113.38
2/ 25 N Gb©o N N N6&é NO6 B NO 108.35
2/ 26 B EO 6 N G6 NO6 E G E 99.36
2/ 27 N6 N E® BOGNOE&E E 98.83
2/ 28 E N6 N6 N N6 N NO6 B 97.9
2/ 29 BO6 NO GO GO6 EO NO EO 94.66
2/ 30 E N 6 N E N B NO6 NO 94.36
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Appendix B: Synthetic promoter library analysis report

A synthetic promoter library analysis R script (synpro.anal.R) was developed that
automatically generates a word document analysis report from a CSV file detailing
promoter activities and sequence composgiorhe data provided within threport
enablesrapid identification ofoptimal design spasdor next generation promoter
library construction. This appendix shows an example of the full analysis report

generated from synthetic promoter library 1 data.

Synpro.anal.R can be downloaded at the following site:

https://sourceforge.net/projects/syntheticpromoteranalysis/files/
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Synthetic Promoter Library Analysis Report

This analysis report was automatically generated, by executing the R script synprg.ioat.R CSV file detailing

synthetic promoter activities and TFHRBck composition. The data within this report enables simple, rapid

identification of an optimal design space for nedneration promoter library constructiodnput/ response IS

required where text is underlined and bold.

Reporter protein used:

Cell line:

Date:

The analysis first converts the TFRE blocks into letter identifiers (TRREs sorted alphabetically). Within this analysis

letter identifiers correspond to the following TFRES:

A

|

|©

|rm
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Section 1: Key Library Statistics

The first stage of the analysis checks key library statistics and evaluates three basic assumptions. Output Bprovide

summary of the dataframstatistics, showinghe distribution of each TFRH#ock across the promoter library.

A B C D E F

Min. :0.000 Min. :0.000 Min. :0.000 Min. :0.000 Min. :0.000 Min. :0.000
1st Qu.:1.000 1st Qu.:1.000 1st Qu.:1.000 1stQu.:0.000 1stQu.:1.000 1st Qu.:1.000
Median :2.000 Median :2.000 Median :2.000 Median :1.000 Median :2.000 Median :2.000
Mean :1.897 Mean :1.814 Mean :2.237 Mean :1.629 Mean :1.969 Mean :2.072
3rd Qu.:3.000 3rd Qu.:2.000 3rd Qu.:3.000 3rd Qu.:2.000 3rd Qu.:3.000 3rd Qu.:3.000
Max. :7.000 Max. :7.000 Max. :7.000 Max. :6.000 Max. :7.000 Max. :7.000

Expression
Min. : 0.00
1st Qu.: 3.13
Median : 8.94
Mean :17.88
3rd Qu.: 28.13
Max. :100.00

Output 1: Relative abundance at which discrete TFRE blocks occurred per promoter.

Assumption 1: The relative abundance of TFRE blocks across the promotdibrary is as designed =
TRUE/FALSE

The range of promoter activities across the library is shown in Figure 1. If the range of activities is undesirable the

the library may need to be reonstructed with different design criteria.

Assumption 2: Promoteractivities cover the desired/ expected expression range. = TRUE/FALSE

Figure 2 shows the correlation between total number of sites per promoter and relative transcriptional activity.
Promoter length is not expected to be a key determinant of promotervaigs. If this assumption is false then

library 2 will need to be tailored accordingly.

Assumption 3: Relative promoter activity is not simply a function of promoter length. =
TRUE/FALSE
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Figure 2: Correlation between total TFRE sites and promoter strength
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Section 2: Identification of TFREs that are positive, neutral and negative regulators of
promoter activity.

The second analysis section provides the dagquired to evaluate the contribution discrete TFREs make to
promoter activities. Three figures are generated for each TFRE that enables blocks to be designated as positi

negative or neutral effectors of promoter strength:
A) The number of the TFRE block in each synthetic promoter is plotted against relative activity of that promoter. Th

linear regression line is shown, where the slope of the line indicates the extent to which the TFRE occurs

promoters of varying activity.
B) The mean number of the TFRE block in higher or lower activity promoters (over or under mean promoter activity)

C)The mean number of the TFRE block in promoters within discrete library subsections. Subsétioantains

the top 10% of promoter§anked by activity).

58GSNXYAYlI A2y 2F SIFOK ¢Cw9 6t201Qa TFdzyOGAz2yltAade T

generation design spaceSomments regarding each sites requlatory function can be made in Table 1.

TFRE Designatio Comments
A | Positive/Negative/Neutra| Comments about each sif]
B X X
C X X
D X X
E X X
F X X

Tablel Characteristics of each individual site
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Statistics for site A
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Statistics for site C
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Statistics for site E
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Section 3: Multiple linear regression analysis

The previous section identified TFREs to be excluded from/ included in second generation library construction. Ti
third analysis setion provides the data required to manipulate this design space by identifying optimal TFRE blocl
stoichiometries that can be employed in neggneration library construction. Every possible multiple linear
regression modeli.g. each combination of TFRHEock variables; e.g. A, A + B, A + B at®), explaining promoter
activity is shown in Table 2.

Table2 Every possible linear regression model explaining promoter activity.
A CI[D[E[F C,

61.4384544023011
78.5724635748254
95.141945449756¢
107.14147378627¢
112.341919802161
114.350229719391
28.275656958908]

50.221521871884
51.8097338126754

55.478137419799
59.566075437726¢
62.558784519378§
73.9041066417521
80.479426413018¢
80.567765229713]
89.8836699216804
12.238070211754¢4
19.521346874767¢
29.861607381327]
30.2206407123577
40.9277548746361
46.2356466543471
50.9522038289653
51.115584236969¢
51.409739382244¢
52.355018153502¢
3.92181845593614
13.787376307544¢
13.902950223784¢
20.7028328390454
21.5149585219501
31.754249016229]
38.4363414380827
41.5687626775501]
46.797917847890]
51.159180876131¢
5.2238026025814¢
5.7933031903912]
15.326730846107¢
22.7011585925734
38.4460666837744

54.904821935074§

gl ol al gl o]l al B S B B D] DDA D D W W W w w w e ww o NN NN NN NN NN R R R R R e
Rl R R RO R R R R ol R ok ko okl r o o oo of »|l o ol ol »r|l ol O »|l o] ol ol o] of »| o] ol o] o] o
Rl Rl Rl o kR R R ok kol kr koo kr ko krkrolkrl oo r o rl oo rl oo o rl o oo o rl o oo @
Rl R okl r R ol r kR oo ok kr kol ok koo ok R ol o oo o »rl o~ of ol o of »r|l oo
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In table 2block inclusion/ exclusion within a model is indted by a 1 or a 0 respectivelyhe total number of
parameters in the model (including the intercept) and the models Cp value are shown finsthend last columns
respectively. The better the modé&ksxplanation of the data, the closer its Cp value will be to the number of model
parameters. Figure 3 shows the Cp of each model against its number of parameters, indicating the ability of differe
numbers of paramaters to significantly explain promoter strengthe best fitting model for each possible number

of parametersis shown in Table 3The most parsimonious model is then reported with associated key statistics
(model summary, analysis @ériance table, the contribution of each variable thim outputs 25 and Figure 4.
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Figure 3: Model size vs. Cp
A[BJCID[E[F r2
1lolo| oo 1]0]61438454402301] 0.25565063282651!
2l olo]o[1]1]0]28275656958908] 0.42512530237260
3/o0lof1]12]12]0]12.238070211754¢ 0.51206133350903]
4]0 1[2]1]1]0]392181845593614 0.56178272897213
51111 ]12]0]52238026025814¢ 0.56514696659502:
61121211 7 0.56622563140197]

Table3 Best model for each number of parameters

A B CcC D E F
FALSE TRUE TRUE TRUE TRUE FALSE

Output 2: Sites included in the best model
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Call:

Im(formula = sp2 ~ ., data = bestest2)

Residuals:
Min  1Q Median 3Q Max
-28.708 -7.958 -1.922 5.880 45.711

Coefficients:
Estim ate Std. Error t value Pr(>|t|)
(Intercept) 13.3184 3.5032 3.802 0.000258 ***

B -3.2190 0.9963 -3.2310.001713 **

C 3.7386 0.8859 4.2205.72e - 05 *x*
D -5.8172 0.9259 -6.2821.09e -08 ***
E 5.8472 0.8301 7.044 3.33e - 10w

Signif. codes: 0O 6***6 0.001 o6**6 0.01 o0*06 0.05 o.

Residual standard error: 13.62 on 92 degrees of freedom
Multiple R - squared: 0.5618, Adjusted R - squared: 0.5427

F- statistic: 29.49 on 4 and 92 DF, p- value: 8.842e -16

Output 3: Summary of the best model

Analysis of Variance Table

Response: sp2
Df Sum Sq Mean Sq F value Pr(>F)
1 1377.5 1377.5 7.4267 0.007693 **

B

C 1 3614.3 3614.3 19.4862 2.755e - 05 ***
D 1 7682.0 7682.0 41.4168 5.466e - 09 **+*
E 1 9202.0 9202.0 49.6118 3.327e - 10 ***

Residuals 92 17064.2 185.5

Signif. codes: 0O 6***6 0.001 6**6 0.01 6*6 0.05

Output 4: Best models anova Statistics
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(Intercept) B C D E
13.318357 -3.219040 3.738559 -5.817171 5.847189

Output 5: Model Coefficients for the best model
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Figure 4: Relative contribution ofeach TFREb | ock par amet er t statistic.e 6 b e

These data identifypotential design solutions to specifically tailor nexgjeneration library activities by

indicating optimal TFRE block stoichiometries to increase promoter strengths ife. best model

coefficienty. Accordingly, at the conclusion of this analysis stage sewb generation library

construction strategies can be implemented by employing desided TFRE block ratios in ligation
reactions.
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Section 4: String analysis

The fourth analysis section provides the data required to evaluate the effects of combinatorial interactions betweer
neighbouring blocks within promoters. The functionally of every two and three blockStRiREis analysed to both

i) determine how neighburing sites impact each blocks function and ii) allow characterisation of larger parts that
could be utilised in future design spacé®.(blocks containing two or three discrete TFREs could be included in
ligation reactions). Strings are evaluated batlthe context of each discrete TFRE and as a collection of comparative

block parts.

First, the relative abundance offflock TFRE strings in synthetic promoters of varying activities is analysed. The
number of promoters within discrete library subsecti(subsection 1 contains the top 20% of promoters, ranked
according to strength) that contain each possiblbl@ck string is reportedrigures are grouped to show the relative
differences between every possible-bBbck string containing each discrete BH-RCounts represent either
2NASYGFidA2yY So3d |, O2dzdZ R 200dzNJ Fa SAGKSNI W . Q 2N
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Statistics for site A
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Statistics for site C
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Statistics for site E
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It is now useful to consider which of these two strings are most associated with high expression. Firstly, Figure
shows the percentage of the top 15 promoters which contain each 2string. Figure 7 shows the average librar

position of promoters containinggach 2 string. These two figures enable identification of strisiggificantly
associated with strong promoters.

7
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N [ | [ ] -
| | | | | | | | | | | | | | | | | | | | |

CE AE EF BC CF AB AC BE CC BF EE AF AA AD DF FF BD CD DD DE BB
string
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Figure 7: Percentage of the top 15 promoters in the library that contain each possible 2 string.
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Figure 8: Average library position of promoters containing each possible two string.
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Next, the relative abundance oftdock TFRE strings in synthetic promoters of varying activities is analysed. For eacl
discrete TFRE a figure is generated detailing the average library position of premoterining each possible 3
string where that TFRE is the central block (e.g. A.E and C.B refer to AEE and CEB respectively). Each TFRE fi

split into two sections to highlight higher (blue) and lower (red) performiustyiBgs respectively.
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Statistics for site B

100 -

75—

Q-
P 50
0-
I I I I I I I I I I I I I I I I I I

CE BC EA CB EE FC CC DE AC ED FE CD AA CA AE AF EF BB
string

100 —

75—
@ -
P 50
25—
0-

I I I I I I I I I I I I I I I I I I

DB CF FB FA BF BE EB DC AD DF FF BA AB DA FD DD BD E.C
string

Statistics for site C
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Statistics for site D
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Statistics for site E
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Statistics for site F
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It is now useful to consider which of these three strings are most associated with high expression. Firstly, Figure
shows the top 20 3strings in terms of the average library position of promoters they appear in. Figure 8 is a check f
any strings that ge significantly associated with the very top promoters, showing the percentage of the top 10
promoters (ranked by activity) that contain each 3string (the top 10 strings are shown). Finally, table 4 shows th
relative activities of all dlock TFRE strisgThe average library position of promoters containingle@ossible 3

string is shown.

The data generated in this section identifies whether discrete H&REgs need to be avoided (for example if neutral
regulators negatively affect neighbouring posit regulators) or employed in negeneration library construction.
Accordingly, second generation library design spaces are finalised at the conclusion of this final analysis stage.

Assumption 4: Neutral requlators do not negatively affect neighbouringositive regulators. If false

these sites will be removed from library 2 = TRUE/FALSE

Assumption 5: Discrete combinations of positive (or neutral) requlators are not positively correlated

with high promoter activity. If false these larger parts can be utised in the next design space. =

TRUE/FALSE
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Figure 7: Top 20 3strings in terms of average library position of promoters that contain each string.
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Figure 8: Top 10 3strings in terms of the percentage of the strongest 10 promoters which contain
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String Ave | string Ave | string Ave | string Ave | string Ave | string Ave
1 AAA | 73.50000( ABA | 49.50000| ACA | 55.57143| ADA NA | AEA | 33.28571| AFA | 58.80000
2 AAB | 56.00000| ABB | 76.50000| ACB | 36.60000, ADB | 63.75000| AEB | 50.66667| AFB | 43.50000
3 AAC | 36.50000{ ABC | 36.30000| ACC | 54.80000/ ADC | 60.25000| AEC | 27.16667| AFC | 50.00000
4 | AAD | 57.00000| ABD | 67.00000( ACD | 39.80000| ADD NA | AED | 49.66667| AFD | 77.50000
5 AAE | 14.00000| ABE | 51.60000{ ACE | 20.87500| ADE NA | AEE | 11.83333| AFE | 40.83333
6 AAF | 74.75000| ABF | 51.83333| ACF | 37.44444| ADF | 84.20000| AEF | 23.00000| AFF | 35.50000
7 BAA | 44.00000| BBA | 74.66667| BCA | 32.60000{ BDA | 74.00000| BEA | 41.71429| BFA | 64.66667
8 BAB | 64.14286| BBB | 54.50000| BCB | 29.00000| BDB | 55.00000| BEB | 54.00000| BFB | 77.20000
9 BAC | 41.60000f BBC | 31.50000| BCC | 43.50000| BDC | 55.25000| BEC | 34.00000| BFC | 34.75000
10 | BAD | 84.00000( BBD NA | BCD | 66.37500, BDD | 94.00000| BED | 47.75000| BFD | 78.50000
11| BAE | 33.12500( BBE | 59.75000| BCE | 7.75000| BDE | 55.66667| BEE | 17.00000| BFE | 50.20000
12 | BAF | 62.25000| BBF | 59.50000| BCF | 21.00000| BDF | 62.50000| BEF | 43.71429| BFF | 52.71429
13| CAA | 64.66667| CBA | 50.33333| CCA | 61.28571| CDA | 49.75000| CEA | 20.25000| CFA | 44.80000
14 | CAB | 49.88889| CBB | 32.00000| CCB | 33.75000| CDB | 70.33333| CEB | 12.00000| CFB | 36.14286
15| CAC | 40.20000f CBC | 34.75000| CCC | 44.50000| CDC | 71.66667| CEC | 14.75000| CFC | 35.66667
16 | CAD | 77.00000( CBD | 47.00000| CCD | 38.28571| CDD | 51.00000{ CED | 54.00000| CFD | 33.33333
17 | CAE | 18.66667| CBE | 26.83333| CCE | 15.25000| CDE | 42.22222| CEE | 12.00000{ CFE | 31.00000
18 | CAF | 35.60000( CBF | 55.80000| CCF | 25.85714| CDF | 52.75000{ CEF | 31.50000| CFF | 52.40000
19 | DAA | 80.00000( DBA | 77.00000| DCA | 64.40000| DDA | 61.50000| DEA | 61.60000| DFA | 31.50000
20| DAB | 77.50000| DBB | 54.75000f DCB | 77.00000| DDB | 52.50000| DEB | 48.00000| DFB | 74.25000
21| DAC | 30.66667| DBC | 63.25000| DCC | 50.33333| DDC | 82.00000| DEC | 50.33333| DFC | 50.20000
22 | DAD NA | DBD | 86.33333| DCD | 75.83333| DDD | 79.25000| DED | 94.00000| DFD | 62.62500
23| DAE | 28.66667| DBE | 34.75000( DCE | 44.00000| DDE NA | DEE | 37.00000| DFE | 48.50000
24 | DAF | 55.66667| DBF | 71.20000| DCF | 65.50000| DDF | 38.00000| DEF | 39.66667| DFF | 73.42857
25| EAA | 28.40000| EBA | 31.71429| ECA | 22.00000| EDA | 40.00000| EEA | 14.66667| EFA | 33.00000
26 | EAB | 23.33333| EBB | 60.00000| ECB | 21.50000| EDB | 59.66667| EEB | 14.00000, EFB | 59.00000
27 | EAC | 38.90909| EBC NA | ECC| 18.11111| EDC | 55.83333| EEC | 14.75000| EFC | 38.42857
28 | EAD | 15.00000| EBD | 40.00000| ECD | 28.00000| EDD | 62.33333| EED | 62.66667| EFD | 57.00000
29 | EAE | 30.85714| EBE | 32.50000| ECE | 40.25000| EDE | 52.50000| EEE | 14.00000| EFE | 15.50000
30 | EAF | 83.00000| EBF | 52.00000| ECF | 39.20000| EDF | 57.66667| EEF | 24.33333| EFF | 23.66667
31| FAA | 72.00000| FBA | 57.25000| FCA | 49.33333| FDA | 40.00000| FEA | 19.60000| FFA | 43.71429
32| FAB | 59.66667| FBB | 56.50000| FCB | 56.75000| FDB | 63.00000| FEB | 43.25000| FFB | 53.50000
33| FAC | 23.16667| FBC | 33.75000| FCC | 40.66667| FDC NA | FEC | 33.42857| FFC | 76.66667
34| FAD | 71.00000| FBD | 79.00000| FCD | 56.00000| FDD | 67.80000| FED | 66.62500, FFD | 61.75000
35| FAE | 39.80000| FBE | 45.60000| FCE | 35.00000| FDE | 59.50000| FEE | 65.33333| FFE | 52.80000
36 | FAF | 28.50000| FBF | 73.00000| FCF | 65.25000| FDF | 62.77778| FEF | 44.66667| FFF | 37.80000

Table 4. Relative activities of each-Block TFRE string.

162



Section 5: Next generation synthetic promoter library design criteria

Based on the analysis provided, the optimal design space forgeedration promoter library construction can now

be confirmed.

TFRE | Element Nam¢g Stochiometric Weighting

Tm|O0|m| >
XIXIXPXIPX[IX
XXX X X X

Table 5. Nexgenereﬁon library construction criteria
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Appendix C: Published article1i Brown et al.2014
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Synthetic Promoters for CHO Cell Engineering
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ABSTRACT: We describe for the first time the creation of a
library of 140 synthetic promoters specifically designed to
regulate the expression of recombinant genes in CHO cells.
Initially, 10 common viral promoter sequences known to be
active in CHO cells were analyzed using bioinformatic
sequence analysis programs to determine the identity and
relative abundance of transcription factor regulatory ele-
ments (TFREs; or transcription factor binding sites) they
contained. Based on this, 28 synthetic reporters were
constructed that each harbored seven repeats of a discrete
TERE sequence upstream of a minimal CMV core promoter
element and secreted alkaline phosphatase (SEAP) reporter
gene. After evaluation of the relative activity of TFREs by
transient expression in CHO-S cells, we constructed a first
generation library of 96 synthetic promoters derived from
random ligation of six active TFREs inserted into the same
reporter construct backbone. Comparison of the sequence
and relative activity of first generation promoters revealed
that individual TFRE blocks were either relatively abundant
inactive promoters (NFkB, E-box), equally distributed across
promoters of varying activity (C/EBPa, GC-box) or relatively
abundant in low activity promoters (E4F1, CRE). These data
were utilized to create a second generation of 44 synthetic
promoters based on random ligation of a fixed ratio of 4
TEREs (NFkB 5: E-box 3: C/EBPa 1: GC-box 1). Comparison
of the sequence and relative activity of second generation
promoters revealed that the most active promoters contained
relatively high numbers of both NFkB and E-box TFREs in
approximately equal proportion, with a correspondingly low
number of GC-box and C/EBPa blocks. The most active
second generation promoters achieved approximately twice
the activity of a control construct harboring the human
cytomegalovirus (CMV) promoter. Lastly, we evaluated the
function of a subset of synthetic promoters exhibiting a broad
range of activity in different CHO cell host cell lines (CHO-S,
CHO-K1, and CHO-DG44) and across extended fed-batch
transient expression in CHO-S cells. In general, the different
synthetic promoters both maintained their relative activity
and the most active promoters consistently and significantly
exceeded the activity of the CMV control promoter. For
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advanced cell engineering strategies our synthetic promoter
libraries offer precise control of recombinant transcriptional
activity in CHO cells spanning over two orders of magnitude.
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© 2014 Wiley Periodicals, Inc.

KEYWORDS: synthetic promoter; Chinese hamster ovary
cells; cell engineering; synthetic biology

Introduction

Recombinant gene transcription in Chinese hamster ovary
(CHO) cells is still routinely controlled with strong viral
promoters (such as the human cytomegalovirus immediate
early 1 (hCMV-IE1) promoter) despite links to cellular stress
induction, cell-cycle dependency, and epigenetic silencing
(Dale, 2006; Kim et al., 2011). CMV is a relatively potent
promoter, currently used to drive expression of many
biopharmaceutical products. It is a highly complex element
evolved by the virus to enable it to infect many mammalian
host cells (Stinski and Isomura, 2008). However (surpris-
ingly, given its use for 25 years to drive biopharmaceutical
production) little is known about how it functions
mechanistically in the CHO cell and therefore strategies to
precisely control or improve its transcriptional activity are
not generally available. Synthetic promoters therefore offer a
potentially attractive solution, as they can replace function-
ally ill defined and uncontrollable genetic elements in
expression vectors with sophisticated, bespoke controllers
that can engineer host cell function predictably. They are
fundamental components for the successful application
of synthetic biology to mammalian cell factories, where
synthetic biology aims to assemble characterized, modular
parts into novel, predictable devices (Pasotti et al., 2012).
Design of predictable genetic systems is a core objective
underpinning our ability to create next-generation mam-
malian cell factories.

Synthetic promoters have been traditionally produced by
screening either (1) randomised DNA sequences or synthetic
oligonucleotide repeats or (ii) assemblies of known cis-
regulatory elements [e.g., transcription factor binding sites,

Biotechnology and Bioengineering, Vol. 9999, No. xxx, 2014 I
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or regulatory elements (TFREs)], both upstream of minimal
core promoter motifs. These efforts have resulted in synthetic
promoter libraries designed to function in a range of
organisms, predominatly microbial, such as Corynebacterium
(Yim et al,, 2013), Saccharomyces (Blazeck et al.,, 2012), Pichia
(Stadlmayr et al., 2010), and Streptomyces (Seghezzi et al.,
2011), and also in mammalian cells (Ferreira et al., 2011;
Ogawa et al.,, 2007; Schlabach et al., 2010). However, these
studies have demonstrated that the exquisite gene expression
control offered by synthetic promoters is highly context-
dependent, necessitating promoters to be specifically con-
structed for each host cell type. For example, Schlabach et al.
(2010) describe the synthesis of synthetic promoters for
mammalian cells screened in HeLa cells (207% of CMV
activity), but also report highly variable reporter gene
expression in different mammalian cell types (21-113%
of CMV).

Few studies have previously explored the utilization of
synthetic promoters in CHO. Tornee et al. (2002) created
a small pool of promoters (<20) with a tenfold range
in activity by randomizing the sequences separating
TEREs within a chimeric promoter. Further, Grabherr
et al. (2011) constructed five synthetic promoters with
approximately equivalent activities by constructing con-
tiguous sequences with nucleotide compositions mimick-
ing those found in highly active promoters. Both of these
studies targeted broad activity in mammalian cells (tested
in multiple diverse cell lines) and neither sought to
specifically design synthetic promoters to function in
concert with the transactivational machinery of CHO cell
factories. Accordingly, neither of these small libraries
enable predictable, precise, robust control of CHO gene
expression over broad dynamic ranges and synthetic
promoter activities reported were significantly below
that of CMV. Lastly, Le et al. (2013) recently utilized
transcriptomics data to identify CHO endogenous pro-
moters with desired expression dynamics. Whilst this is a
promising avenue to identify promoters with discrete
expression levels, it is limited to naturally occurring
activities. Moreover, it can be a significant challenge to
define the genomic regulatory sequences controlling
expression of specific genes.

In this study we constructed the first libraries of synthetic
promoters designed specifically to harness the pre-existing
transcriptional activation machinery of CHO cell factories.
We functionally screened TERE function in CHO cells and
utilized active elements to construct libraries of synthetic
promoters that exhibited variable activity over two orders of
magnitude, significantly exceeding that of hCMV-IEL in
transient production processes. Moreover, relative promoter
activities across a broad dynamic range were maintained in
both different CHO cell hosts and across a fed-batch transient
production process. The precision control of recombinant
gene transcription enabled by this synthetic promoter
technology will facilitate the design of novel, predictable
synthetic constructs for diverse CHO cell engineering
applications.
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Materials and Methods

In Silico Analysis of Transcription Factor Regulatory
Elements

The following promoter sequences were retrieved from
GenBank: hCMV-IE1 (accession number M60321.1), mouse
CMV-IE1 (M11788), rat CMV-IEL (U62396), guinea pig
CMV-IE1 (CS419275), mouse CMV-TE2 (L06816.1), simian
virus 40 early promoter and enhancer (NC_001669.1),
adenovirus major late promoter (KF268310), myeloprolifer-
ative sarcoma virus long terminal repeat (LTR) (K01683.1),
rous sarcoma virus LTR (J02025.1), and human immunode-
ficiency virus TR (K03455.1). Promoters were analyzed
using the Transcription Element Search System (TESS: http://
www.cbil.upenn.edu/cgi-bin/tess/tess) and the Transcription
Affinity Prediction tool (TRAP: http://trap.molgen.mpg.de/
cgi-bin/trap_form.cgi) according to the methods previously
described by Manke et al. (2008) and Schug (2008).

TFRE-Reporter Vector Construction

Previously described (Brown et al, 2013) promoterless
reporter-vectors (subcloned from pSEAP2control (Clontech,
Oxford, UK)) were utilized in this study. These plasmids
contain a minimal hCMV-IE1 core promoter (5-AGGTC-
TATATAAGCAGAGCTCGTTTAGTGAACCGTCAGATCGC
CTAGATACGCCATCCACGCTGTTTTGACCTCCATAGAA
GAC-3') upstream of either the secreted alkaline phosphatase
(SEAP) or turbo green fluorescent protein (GFP) open
reading frame (ORF). To create TFRE reporter plasmids
synthetic oligonucleotides containing 7 x repeat copies of the
TFRE consensus sequences in Table I were synthesized
(Sigma, Poole, UK), PCR amplified, and inserted into Kpnl
and Xhol sites upstream of the CMV core promoter. Three
clonally derived plasmids for each TFRE reporter were
purified using a Qiagen plasmid mini kit (Qiagen, Crawley,
UK). The sequence of all plasmid constructs was confirmed
by DNA sequencing.

Synthetic Promoter Library Construction

Synthetic promoter building blocks were constructed from
complementary single stranded 5" phosphorylated oligonu-
cleotides (Sigma), annealed in STE buffer (100 mM NaCl,
50 mM Tris-HCI, 1 mM EDTA, pH 7.8, Sigma) by heating at
95°C for 5min, prior to ramp cooling to 25°C over 2h.
Oligonucleotides were designed such that the resulting
double stranded blocks contained the specific TFRE (Table I)
and a 4 bp TCGA single stranded overhang at each 5 termini.
Forexample, the sequences used for the NFkB-RE block were
as follows (RE site underlined): 5-TCGATGGGACTTTCCA-
3" and 5'-TCGATGGAAAGTCCCA-3'. Synthetic promoter
libraries were constructed by ligating block molecules at
appropriate stoichiometric molar ratios with high concen-
tration T4 DNA ligase (Life Technologies, Paisley, UK). A
“cloning-block” containing Kpnl and Xhol sites was included
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Table . DNA sequences of transcription factor regulatory elements
identified by bioinformatic survey of viral promoters.

Transcription factor response/regulatory

element (RE) Sequence
Activator protein 1 (AP1) TGACTCA
CC(A/T)¢GG element (CArG) CCAAATTTGG
CCAAT displacement protein (CDP) GGCCAATCT
CCAAT-enhancer binding protein alpha TTGCGCAA
(C/EBPa)
Cellular myeloblastosis (cMyb) TAACGG
cAMP RE (CRE) TGACGTCA
Elongation factor 2 (E2F) TTTCGCGC
E4F1 GTGACGTAAC
Early growth response protein 1 (EGR1) CGCCCCCGC
Estrogen-related receptor alpha RE (ERRE) AGGTCATTTTGACCT
Enhancer box (E-box) CACGTG
GATA-1 (GATA) AGATAG
GC-box GGGGCGGGG
Glucocorticoid RE (GRE) AGAACATTTTGTTCT
Growth factor independence 1 (Gfil) AAAATCAAC
Helios RE (HRE) AATAGGGACTT
Hepatocyte nuclear factor 1 (HNF) GGGCCAAAGGTCT
Insulin promoter factor 1 (IPF1) CCCATTAGGGAC
Interferon-stimulated RE (ISRE) GAAAAGTGAAACC
Myocyte enhancer factor 2 (MEF2) CTAAAAATAG
Msx homeobox (MSX) CGGTAAATG
Nerve growth factor-induced AAAGGTCA
gene-B RE (NBRE)
Nuclear factor 1 (NF1) TTGGCTATATGCCAA
Nuclear factor of activated T cells (NFAT) AGGAAATC
Nuclear factor kappa B (NFkB) GGGACTTTCC
Octamer motif (OCT) ATTAGCAT
Retinoic acid RE (RARE) AGGTCATCAAGAGGTCA
Yin yang 1 (YY1) CGCCATTTT
Random 8mer (8mer) TTTCTTTC

Ten viral promoters known to exhibit activity in CHO cells were surveyed
for the presence of discrete transcription factor regulatory elements
(transcription factor binding sites) using Transcription Element Search
System (TESS) and Transcription Affinity Prediction (TRAP) algorithms
using stringent search parameters to minimize false positives. DNA
sequences of single TFREs that occur in more than one viral promoter are
listed. Measurement of their relative ability to activate transcription of
recombinant reporter genes in CHO-S cells is shown in Figure 1.

in ligation mixes at a 1:20 molar ratio of the RE blocks. The
ligated molecules were digested with Kpnl and  Xhol
(Promega, Southampton, UK), gel extracted (Qiaquick gel
extraction kit, Qiagen), and inserted upstream of the
minimal CMV core promoter in the promoterless SEAP
reporter vector. Clonally derived plasmids were purified and
sequenced.

Cell Culture and Transfection

CHO-S and CHO-KI1 cells were cultured in CD-CHO
medium (Life Technologies) supplemented with 8 and 6 mM
L-glutamine (Sigma), respectively. CHO-DG44 cells were
cultured in CD-DG44 medium (Life Technologies) supple-
mented with §mM L-glutamine and 18 mL/L pluronic F68
(Life Technologies). All cells were routinely cultured at 37°C
in 5% (v/v) CO, in vented Erlenmeyer flasks (Corning, UK),

—| mre | comveore | seaprere |-

Fold Expression Change
@
o

Regulatory Element

Figure 1. Identification of active transcription factor regulatory elements in CHO-
S cells. Seven copies of each TFRE (as described in Table I) were cloned in series
upstream of a minimal CMV core promoter in reporter vectors encoding either GFP or
SEAP reporters. CHO-S cells (2 x 10°) in 24-well plates were transfected with 1.g of
SEAP (black bars) or GFP (white bars) TFRE reporter-vector. SEAP activity in cell
culture supernatant and intracellular GFP were measured 24 h post-transfection. Data
are expressed as a fold-change with respect to the activity of a vector containing only
a minimal CMV core promater (Core). A random 8bp sequence with no known
homology to TFRE sequences (8mer) was also used as a control. Bars represent the
mean + SD of three independent experiments each performed in triplicate, using three
clonally derived plasmids for each TFRE-reporter construct.

shaking at 140 rpm and subcultured every 3—4 days at a
seeding density of 2 x 10° cells/mL. Cell concentration and
viability were determined by an automated Trypan Blue
exclusion assay using a Vi-Cell cell viability analyzer
(Beckman—Coulter, High Wycombe, UK). Two hours prior
to transfection, 2 x 10° cells from a mid-exponential phase
culture were seeded into individual wells of a 24-well plate
(Nung, Stafford, UK). Cells were transfected with DNA-lipid
Lipofectamine (Life
Technologies), prepared according to the manufacturer’s
instructions. Transfected cells were incubated for 24 h prior
to protein expression analysis.

complexes comprising DNA and

To eliminate potential promoter—promoter interference,
individual transfections did not include a co-transtected
reporter vector to compare transfection efficiencies. Howev-
er, each 24-well plate included a set of three external reporters
(CMV-SEAP, SV40-SEAP and 7x CRE-SEAP) to confirm
reproducible transfection performance.

Fed-Batch Transient Transfection

Two hours prior to transfection 6 x 10°cells from a mid-
exponential phase CHO-S culture were seeded into 50 mL
CultiFlask bioreactors (Sartorius, Surrey, UK) at a working
volume of 6 mL. Cells were transfected with DNA: lipofect-
amine complexes, prepared according to the manufacturer’s
instructions. Fed-batch cultures were maintained for 7 days
by nutrient supplementation with 10% (v/v) CHO CD
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Efficient Feed A (Life Technologies) on Day 2, 4, and 6. SEAP
expression and cell growth were measured at 24 h intervals.

Quantification of Reporter Expression

SEAP protein expression was quantified using the Sensolyte
pNPP SEAP colorimetric reporter gene assay kit (Cambridge
Biosciences, Cambridge, UK) according to the manufac-
turer’s instructions. GFP protein expression was quantified
using a Flouroskan Ascent FL Flourometer (Excitation filter:
485 nm, Emission filter: 520 nm). Background fluorescence/
absorbance was determined in cells transfected with a
promoterless vector.

Results

Identification of Active Transcription Factor Regulatory
Elements in CHO-S Cells

In order to identify discrete TFREs (transcription factor
binding sites) capable of recombinant gene transactivation in
CHO-S cells we surveyed, in silico, putative TFREs in 10 viral
promoters generally known to be active in CHO cells. We
rationalized that these promoters must contain one or more
constituent TFREs able to bind cognate transcription factors
present in CHO cells. Using online search tools that scan
DNA sequences for transcription factor (TF) binding sites,
specifically Transcription Element Search System (TESS) and
Transcription Affinity Prediction tool (TRAP), we employed
stringent search parameters (Manke etal., 2008; Schug, 2008)
to minimize false positives. Across all viral promoter
sequences, 67 discrete TFREs were identified as being present
in one or more. To further minimize this pool (design space)
we filtered out TFREs that did not occur in at least two
promoters. Table I lists the final set of 28 TFREs incorporated
into the functional screen. Viral promoter-specific TFRE
compositions are listed in Supplementary Table SI.

To determine the relative transcriptional activity of each
TERE in CHO-S cells we created sets of both GFP and SEAP
reporter constructs that each contained seven repeat copies of
a specific TFRE in series, upstream of a minimal hCMV-1E1
core promoter (—34 to +48 relative to the transcriptional
start site (TSS), containing a TATA box and an initiator
element). We previously determined that this core promoter
drives higher basal levels of expression than common
alternatives (e.g., CHEFla, SV40) in CHO cells (data not
shown). There are relatively few available motifs to construct
a synthetic core (Juven-Gershon and Kadonaga, 2010; Juven-
Gershon et al., 2006). Further, as transcriptional activators
have been shown to function specifically with different core
promoters, we considered it optimal to comparatively
evaluate different TFREs (and synthetic promoters) using a
single fixed core (Juven-Gershon and Kadonaga, 2010).

Measurement of GFP and SEAP reporter production after
transient transfection of CHO-S cells with each TFRE-
reporter plasmid is shown in Figure 1. This analysis identified
seven TFREs that significantly increased expression of both
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SEAP and GEP over basal expression from the minimal core
promoter up to 100-fold (NFkB, E-box, AP1, CRE, GC-box,
E4F1, C/EBPa). A further two elements (OCT and RARE)
increased SEAP expression but showed no observable
increase in GFP, likely due to differences in reporter
measurement (e.g., intracellular turnover of GFP, extracellu-
lar accumulation of SEAP). No other TFREs mediated a
significant increase in reporter expression above core control
levels. These data identify a group of TFREs that can
independently mediate activation of recombinant gene
transcription in CHO-S cells using available transcription
factor activity. The relative level of reporter expression is a
function of TF relative abundance, affinity of the TF for its
cognate TFRE and the discrete mechanism of transcriptional
activation. Lastly, our data imply that many TFREs that exist
in common viral promoters used to drive recombinant gene
expression in CHO cells may be functionally redundant.

First Generation Synthetic Promoters Exhibit a Broad
Activity Range Up To That of hCMV-IE1

In order to construct a first generation synthetic promoter
library we utilized all TFREs identified as transcriptionally
active in CHO-S cells. Oligonucleotide building blocks
containing a single copy of each TFRE sequence (TFRE
blocks) were chemically synthesized [NFxkB, CRE, E-box,
GC-box, E4F1, and C/EBPa; AP1 was omitted from the
library due to previously observed functional redundancy
between CRE and AP1 sites (Hai and Curran, 1991)], and
ligated at an equal ratio to assemble random TFRE-
combinations which were inserted upstream of the minimal
CMYV core promoter in SEAP reporter plasmids. A control
CMYV promoter reporter plasmid was constructed using the
hCMV-IEL promoter (—559 to +48 relative to the TSS, i.e.,
the complete hCMV-IEl enhancer containing the distal,
proximal and core promoter regions, hereafter referred to as
CMYV) upstream of the SEAP ORE Purified plasmid DNA
from 110 transformed E. coli colonies picked at random was
utilized for measurement of SEAP reporter production.
Transient production was employed to determine the
relative activity of synthetic promoters as it both maximizes
throughput and provides a direct readout of synthetic
promoter transactivation without potential interference from
integration-specific effects or silencing. Whilst SEAP pro-
duction is not a direct measurement of transcriptional
activity, previous experiments in this laboratory have
confirmed that SEAP activity in cell culture supernatant is
linearly correlated with SEAP mRNA levels post-transfection.
Moreover we optimized assay conditions such that control
CMV-SEAP reporter activity was in the center of the linear
assay range with respect to plasmid copy number (DNA load)
and measured SEAP output (data not shown). SEAP
production at 24 h post-transfection was measured for cach
synthetic promoter, and each promoter was sequenced to
reveal its TFRE-block composition. A small proportion (14)
of reporter plasmids were found to be lacking a promoter
insert and these were excluded from further analysis. The
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Figure 2. First generation synthetic promoters vary in activity up to that of CMV.
First generation synthetic promoters were constructed by random ligation of NF«B,
CRE, E-box, GC-box, E4F1, and C/EBPa TFREs in equal proportion. Synthetic promoters
were inserted upstream of a minimal CMV core promoter in SEAP reporter plasmids
and transfected into CHO-S cells. SEAP expression was quantified 24h post-
transfection. Data are expressed as a percentage of the production exhibited by
promoter 1/01 (Supplementary Table SII). SEAP production from the control CMV-SEAP
reporteris shown as the black bar. Each bar represents the mean of two transfections,
for each promoter less than 10% variation in SEAP production was observed.

relative transcriptional activity of the remaining 96 pro-
moters is shown in Figure 2, and their TFRE-block
compositions are listed in Supplementary Table SII. These
data show that generation 1 synthetic promoter activities
spanned two orders of magnitude, where the most active
synthetic promoter exhibited a 1.2-fold increase in SEAP
production over that deriving from the CMV control vector.
Analysis of synthetic promoter composition revealed that (i)
synthetic promoter length varied between 7 and 31 TFRE
blocks (mean =11.9+4.2 blocks; 189 %66 bp), although
relative transcriptional activity was unrelated to promoter
length (ii) across the generation 1 library the relative
abundance of the six TFRE building blocks was approxi-
mately equivalent and (iii) individual TFRE blocks could
occur in either forward or reverse orientation (i.e., the
consensus TF recognition sequence (see Table I) could occur
on either DNA strand) but this was not apparently related to
synthetic promoter activity, either with respect to the general
frequency of occurrence or with respect to the relative
orientation of specific TFRE blocks. Therefore, we inferred
that variation in synthetic promoter activity was a conse-
quence of the differing relative abundance of specific TFRE
blocks within promoters and/or positional effects (i.e., that
specific neighboring or distal combinations of TERE blocks
may aftect promoter strength). Whilst the latter is computa-
tionally intractable given the size of the library, we addressed
the former by determination of the relative frequency with
which individual TFRE blocks occurred within synthetic
promoters of varying activity. These data are shown in
Figure 3. Whilst no single TFRE block exhibited an obviously
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Figure 3. Relative abundance of transcription factor regulatory elements in first
generation synthetic promoters. First generation synthetic promoters were sequenced
to enable assignment of TFRE block (listed in ry Table Sl1).
The number of each TFRE block in each synthetic promoter is plotted against the
relative activity of that promoter (A-F). In each case the linear regression line is shown,
where the slope of the line indicates the extent to which each TFRE occurs in
promoters of varying activity. The mean number of each TFRE block in higher or lower
activity promoters (over or under mean first generation promoter activity) is indicated
in each case.
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dommant influence over synthetic promoter strength,
individual TERE blocks were either relatively abundant in
active promoters (NFkB, E-box), equally distributed across
promoters (C/EBPa, GC-box) or relatively abundant in low
activity promoters (E4F1, CRE). This bias was confirmed by
multiple linear regression analysis, where either an all factor
model (inclusion of all six TFREs, P 0.57,P=1.7 x 10714)
or a parsimonious model excluding C/EBPa and GC-box
TFREs (as these do not improve model fit; ¥ =0.56,
P=18.84 x 107'%) predicted the optimal stoichiometry of
TFRE blocks to be NFkB 1.58: E-box 1. The other TFRE
blocks were either neutral (C/EBPa, GC-box) or negative
effectors (E4F1, CRE). Analysis of specific promoter
sequences throughout the library confirmed site designations
as positive, neutral or negative. For example, the strongest
promoter (1/01) contains the highest ratio of positive (NFkB,
E-box): negative (E4F1, CRE) sites (9: 1) in the library.
Moreover, the three most active promoters (1/01-1/03) are
the only promoters in the library containing more than seven
positive sites and less than three negative sites. There are also
multiple examples where high numbers of positive sites are
apparently counteracted by high numbers of negative sites to
produce relatively weak promoters, for example, promoters
1/37, 1/52, and 1/68 which have positive: negative ratios of 8:
8, 8: 8, and 9: 11, respectively.

Second Generation Synthetic Promoters Achieve Twice
the Activity of CMV

In order to further improve synthetic promoter activity we
created a second generation library using random ligation of
a mixture of TFRE blocks at an optimal ratio derived from
analysis of the composition of first generation promoters.
Specifically, negative TFREs were omitted (E4Fl, CRE,
Fig. 3), positive TFREs were included at the ratio NFkB 5:
E-box 3, and neutral TEREs were included at the ratio C/
EBPa 1: GC-box 1. We included the latter based on the
hypothesis that increased complexity could be advantageous.
For example, the three most active synthetic promoters in the
first generation library all contained at least two copies of
both neutral TFREs (Supplementary Table SII) and thus they
could contribute to unknown positional effects. We expected
that second generation promoters would contain the same
average number of TERE blocks (12) as first generation
promoters.

A second generation library was created as described
previously; 50 transformed E. coli colonies were picked at
random, synthetic promoters in purified plasmid DNA were
sequenced and 44 reporter plasmids containing promoter
sequences were utilized for measurement of SEAP reporter
production. The relative transcriptional activity of second
generation promoters is shown in Figure 4, and their TERE-
block compositions are listed in Supplementary Table SIIL
Second generation promoters exhibited significantly in-
creased activity. The mean expression level (relative to CMV)
shifted from 21.2% for first generation promoters to 116%
for the second generation library. Twenty-five synthetic
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Figure 4. Generation two synthetic promoters achieve twice the activity of the
CMV promoter. Second generation synthetic promoters were constructed by random
ligation of NF«B, E-box, GC-box, C/EBP« TFREs in the ratio 5:3:1:1. Synthetic promoters
were inserted upstream of a minimal CMV core promoter in SEAP reporter plasmids
and transfected into CHO-S cells. SEAP expression was quantified 24h post-
transfection. Data are expressed as a percentage of the production exhibited by CMV
control promoter (black bar). SEAP production from the most active promoter from the
first generation library (1/01; Fig. 2) reporter is shown as a checked bar. Otherwise,
each bar represents the mean of two transfections, for each promoter less than 10%
variation in SEAP production was observed.

promoters (57% of the library) achieved a higher SEAP
production than the CMV control, with the strongest
promoter (2/01) exhibiting a 2.2-fold increase.

Analysis of the TFRE block composition of second
generation promoters revealed that the relative stoichiometry
of TFRE blocks across the library was approximately as
designed (NFkB 5: E-box 2.81: GC-box 1.32: C/EBPa 1.15).
In silico analysis utilizing TERE-prediction tools confirmed
that unexpected, additional TFRE sites had not formed at
TFRE-block junctions during promoter assembly. In contrast
to first generation promoters the slope of the fitted linear
regression line relating total TERE block number (synthetic
promoter length) and promoter activity was slightly positive
(r2 0.31,P=8.9 % 1(]75), although we do not regard this as
a significant factor. As shown in Figure 5, for second-
generation promoters the influence of GC-box and C/EBPa
is generally negative, whereas NFkB and E-box remain
positive effectors. However, considering the composition of
second generation promoters listed in Supplementary
Table SIII, our data do not support the conclusion that
either NFkB or E-box TFRE blocks could support high
transcriptional activity alone—clearly a combination of both
is necessary. The most powerful promoters (2/01-2/03)
contain relatively high numbers of both TFREs in approxi-
mately equal proportion, with a correspondingly low number
of negative GC-box and C/EBPa blocks. Some lower activity
promoters do contain relatively large numbers of NFkB or E-
box blocks (e.g., 2/11, 2/13, 2/17) but (i) contain a sub-
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Figure 5. Relative abundance of transeription factor regulatory elements in
second generation synthetic promoters. Second generation synthetic promoters were

d to enable of TFRE block p (listed in ary
Table Slll). The number of each TFRE block in each synthetic promoter are plotted
against the relative activity of that promoter (A-D). In each case the linear regression
line is shown, where the slope of the line indicates the extent to which each TFRE
occursin promoters of varying activity. The mean number of each TFRE block in higher
or lower activity promoters (over or under mean second generation promoter activity)
is indicated in each case.

optimal ratio of NFkB: E-box (2/11, 2/17) or (ii) also
contain relatively large numbers of GC-box and C/EBPa
blocks (2/13).

Synthetic Promoters Exhibit Conserved Relative Activity
in Different CHO Host Cell Lines and Through a Fed-
Batch Transient Production Process

In order to determine if synthetic promoters performed
robustly and predictably we evaluated their relative functional
capability in different CHO host lines and through a fed-batch
transient production process. With respect to the former, we
hypothesized that different CHO hosts may contain varying

proportions of transcription factors that could markedly
influence synthetic promoter function, especially as the
complexity of synthetic promoters is significantly reduced
compared to CMV. With respect to the latter, we hypothesized
that transition of CHO cells through a production process,
with the associated dynamic variation in cell physiology and
function (e.g., growth rate, suspension culture) may change
the relative proportion of endogenous transcription factors
affecting synthetic promoter activity.

A panel of seven promoters from both first and second
generation libraries were selected that cover a broad range of
promoter activity (1/51 < 1/17 < 1/04 < 1/02 < 2/19 < 2/
03 < 2/01). These were compared to the activity of CMV.
Figure 6 shows transient SEAP production from all
promoters in three commonly utilized host lines; CHO-S,
CHO-DG44, and CHO-K1. The relative rank order of
promoter activity is maintained in all three cell lines, with the
exception that 2/03 outperforms 2/01 in CHO-KI. In
contrast to the original screen, promoters 2/03 and 2/01
have approximately equivalent expression in CHO-DG44
and CHO-S. In each cell line the top performing synthetic
promoter drives significantly higher SEAP production than
CMV; 3.1-fold 1.9-fold, and 1.7-fold in CHO-DG44, CHO-S,
and CHO-K1 cells respectively. We note that in general CHO-
DG44 cells exhibited significantly less reporter production
than either CHO-S or CHO-K1 cells, presumably due to their
reduced “transfectability” by lipofection.

Lastly, we hypothesized that transfection of cells with
synthetic promoters specific for a small number of transcrip-
tion factors may function as decoys, effectively competing
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Figure 6. Synthetic promoters exhibit conserved relative activity in different CHO
host cell lines. The relative activity of seven synthetic promoters with differing relative
activity was determined in CHO-S cells (chequered bars), CHO-K1 cells (black bars),
and CHO-DG44 cells (striped bars). Cells (2 x 10°) were transfected with 250 ng SEAP-
reporter vector, and SEAP production was ified 24 h post-transf . Data are
expressed as a percentage of the activity of the CMV promoter in each cell line. Note
that in general CHO-DG44 cells exhibited significantly less reporter production than
either CHO-S or CHO-K1 cells (SEAP preduction from the CMV premoter in each cell
line (100%) occurred at the ratio CHO-S 1: CHO-K1 0.81: CHO-DG44 0.32). Values
represent the mean + SD of three independent experiments performed in triplicate.
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