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Abstract

The primaryobstacle preventing the clinical translation of gene silencing short oligonucleotide
therapeutics such as siRN#mall or short interfering RNA$ the lack of efficient delivery to the
required site of action. The past few years have been an exciting time in the field, with the first few
siRNAbaseddrugs coming to market. Despite many advances in the field of formulation, the use of
the chemical pproach to directly modify the oligonucleotide to enhance delivesycurrently
underdeveloped.This thesis is focused on tleynthesis and characterization tiree new small
molecule modifications that can easily be integrated into commereslbilable short

oligonucleotides to enhance their delivery

Chapter 1provides an overview of the histognd mechanisnof siRNA as well dts pathways to
clinical relevance. The barriers to efficient delivery are then explored followexhtanalysis of the
strategies thatare frequentlyemployed to improveits efficacy with a focus on small molecule
conjugatesFinally,an updateis providedon the first three siRNAased drugso hit the market and

the currentlandscape of preclinical to clinical research is brought to light.

InChapter 2 a method for the conjugation afderivative of theantiestrogerfulvestrant is developed.
After exploring multiple chemistries, it i®und that a coppeffree click reactionallows for the
conjugationof an azidemodified, commercially available DNA strandthe antiestrogen derivative
(CA1898. The reactiormproducesa high yield of conjugateCfy5dsDNACA1898 and also allowfor

rapid purification. The same method then shown to be effective for theonjugaton of sSIRNA

targeting a common housekeeper ger85Bo form siSSBCA1898

Chapter 3of this work focuses on theanalysis of the biological properties of tHeA1898
oligonucleotide conjugates. Firs€y5dsDNACA1898is found to maintain the activity of the
antiestrogen indicated by growth inhibition of estrogen recep¢xpressing cells in culture. The
conjugate also shoswsignificantly improved retention in organs such as the liver, kidneys, uterus and
ovaries of moge models when compared to its unmodified counterpart. Then, analyss$S&B
CA1898&hows that the antiestrogen does not compromise the activity of the siRNA as indicated by

gene and protein expression analysi€ell culture models.

In Chapter 4 a ceamideoligonucleotice conjugate is developed usirgimilar copperfree click

chemistry to what was optimized iearlier chapters. lItis found that a mediurrchained ceramide




conjugate Cy5ssDNAC10% significantly improvethe cellular association and iatnalization of the
oligonucleotide in cell culter models. The association @y5ssDNAC10* is also significantly
decreased upon pretreatment of cells with sphingosine, indicating possible reeewdiated

association and internalization of the conjugat

Finally, inChapter 5 the delivery of DNA is improved by exploiting the properties of Cy5, a commonly
used fluorophorefor tracking materials introduced to biological systerSince it is known that Cy5
drives material to the mitochondria, a methdgideveloped tdabelDNA with a bioreducible disulfide
bond as the linker to the Cy5. it demonstratedhat this linker breaks under reducing conditions,
freeing the oligonucleotide from the Cy5 and shifting the intracellular distribution of the

oligonucletide to the cytosolic space.

Overall, the materials developed in this thesis represent a small sample of the possibilities for the
chemical modification of commercialfvailable oligonucleotides. The methods and reactions
optimized for this work maglso prove applicable to the further advancemenpttforms to improve

gene silencing therapies.
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1.1. Statement of the problem

The emergence of nucleic adidsed therapeutics has provided new opportunities to treat previously
undruggabledisease targetsBy nature of its mechanism of action, small or short interfering RNA
(siRNA) is powerful because it is capable of inhibitivegtranslation of messenger RNA (mMRNA) to
proteins This makes it an ideal therapy for targeting diseases wherein the upregulation of a protein is

detrimental to the homeostasis of a living system.

The design of an siRNA therapeutic is relatively rbpithuse ofhe existingknowledge of the human
genome. The base pairing specifiaitith its target genealso ensures high potency while minimizing
side effects compared to small molecule drugs. Unfortunately, oligonucleotide therapeufies
from manychallenges with their delivery, making thefifficult to put into practice. Living systems
produce enzymes which rapidly degrade free oligonucleoti@as top of this, due to the small size
and negative chargéhe body is also capable of rapidly clearsiiNATheheavy negative chargdso

means thatassociation with the cell membrane, and in turn endocytosis, remains limited.

The classical method of formulating siRNA in nanoparticles or other supramolecular structures has
been effective, but it has & a decline ipopularity inrecent years due to the individual nanopatrticle
components either exhibiting toxicity or producing immunogenic reactions. On the other hand, the
direct chemical endanodification of the oligonucleotide with targeting moietieasiproven to be a

suitable alternative to formulation.

Direct modification of the siRNA with lipophilic groups such as steroids (cholesterol), fatty acids, or
SPOSyYy @Al YAY R Sobdphdrolinds gnbvin todindpd¥e siRNA tHerapy delivery. Despite
these advances, the types of lipids and other hydmdgh moieties that have been tested have
remained limited. In part, this is due to the difficulty in finding appropriate chemical approaches to
conjugate two molecules of opposing polaritidhis work aims to explore other potential lipophilic
oligonucledide conjugates to cover this shortage of knowledge in the lipophilic oligonucleotide

conjugate space.
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1.2. The discovery of RNA interference

The process of RNA interference (RNAIi) was first discovertte field ofantisense technology in
1977 when Patemn et al. used singlstranded DNA (ssDNA) to inhibit the dedle translation of a
complementary mRNA targétlt was not until 1990 when a similar observation was made by Napoli
et al. and Van Der Krol et al. in genetic experiments on petuiliasy attempted to change the color
of the flowersby treating the plants with doublstranded RNAdsRNAgncoding fotthe gene related

to their target color. Howeverniroducing the gene ating for a violet floweinsteadyielded white

or patchypatterned flowers, producing a result opposite from what was expeéted.

Just under a decade later, the same phenomenon was observed in animalan&iftdellowere
working on theCaenorhabditis elegangenome project when theyound that the introduction of
dsRNA of over 700 base pairs (bp) in length interfered with the function of endogenous*géres.
nematodes were treated with the dsRNA containing the sequence faunie@2 gene which encodes
a myofilament protein. The dsRMNreated group resulted in severe twitching reminiscent of the

known behavior of lossf-function mutations irunc22 (Figurel.l).

sense antlsense duplex

LLL

high
-.._ concentrations
only

A

TN
ve@

twitching

Figurel.1 Phenotypic effect after injection of singiranded or doublestrandedunc22 RNAinto C.
elegansintroducing he equivalent of the coding (sense) RNA sequence displayed no visible changes
to the organism, while ssSRNA complementary to the gene (antisense) only displayed phenotypic
changes to the organism at extremely high concentrations. Fire and Mello foundnhathe group
treated with dsRNA targeting the same sequence was highly potent, producing severe twitching
movements in theC. elegan$
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Fire and Mello found that thisuplex structure was at least two magnitudes more effective in silencing
the target gene when compared to treatment of tkk elegansvith the antisense strand alone. This
phenomenon of RNAI by dsRNA is suggested to be an evolutieoam$grved mechanismof gene
silencing that promotes the degradation of its complementary messenger RNA (MRNA), subsequently
preventing the process of translation of the target gene. This fundamental process in living organisms
plays a crucial role in gene regulation in thelgatages of development, and may also provide an
innate defense mechanism against invading virdses2006, the discovery of RNAi through dsRNA

would win Fire and Mello the Nobel Prize in Physiology or Medfcine.

The discovery of RNAI using dsRNA sparked an influx of research on its mechanism of action, and
group led by Elbashir and Tuschl made the next big discovery. The cloning and analysis of the
exogenous dsRNAs that had beewngrssed by the organism revealed that they all shared a similar
structure regardless of the target sequence: at®t 23 nucleotide dsRNA structure withrzicleotide

o -@nd overhangsKigurel.2). It was also from this work that the terdsmall (or short) interfering

wbh! ¢ 6aiwb! 0 g1 & T A-2RE, shdri diblesiiaRdedNBNA B ben@nstratédS H ™

potent gene silencing properties.

21-23 bp RNA
\

sense (passenger) strand (SS/PS)
5 P - ~OH 3’

AT rerrrrrrrrriL,

PS5

3’ HO

antisense (guide) strand (AS/GS)

Figure 1.2. General structure of siRNA. The potent gene silencer is a datisleded RNA
oligonucleotide with2:H o o6 &S LI ANB 2@SNI I LIAY3I FyR (g2 20S)
The strand that refers to the equivalent sequence of the gene to be silenaallésl the sense or

passenger stran(iSS/PS)while the strand that is complementary to the gene of interest is called the
antisense or guide stran@S/GS)
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1.3. Mechanism of gene silencing with doubktranded RNA

The mechanism behind gene silencing thriowgRNA isow wellunderstood and isummarized in
Figurel.3. The pathway can be divided into two steps: the initiator stgp) which generates the
SiRNA pictured irrigure 1.2 from exogenous dsRNA, and the effector stegh) which ultimately

results in cleavage of mMRNA and silencing of the target gene.

1.3.1. The initiator step: generating siRNAs

Upon the internalization of a long dsRNA into the cyt@dBajurel.3a), an RNAséke enzyme called
Dicer binds to dsRNAFigure 1.3b) and cleaves it into RNA, a 240 23mer doublestranded
oligonucleotide Figurel.3c). Dicer was identified by Bernstein et al. to belong to the family of RNase
enzymesthat specifically cleave doublranded RNAs. It is a mechanism that is evolutionarily

conserved in a wide range of organisms such as worms, flies, plants, and mammals.

In a landmark study several years after the discovery of RNAIi in nematodes, Elbashir and Tuschl
demonstrated that the same phenomenon occurred in human cell lines in culture when usirgpa 21
dsRNA section corresponding tcetproduct of the initiatorstep. This showed that the initiator step

can be skipped and the mechanism can be hijacked by the direct introductiorogémous 2123

mer dsRNAKigurel.3z) into the cell One of the benefits of having a relatively short (<30 bp) dsRNA

is that it is able to bypass thiaterferon pathway, resulting in a lower probability of inducing an
immune response particularly when the therapeutic is administered systemati¢dggardless of
whether long dsRNA or siRNA is introduced, the oligleaticle of the proper size of around 2dase

pairs then proceeds to the effector step.
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)
“"mew%
siRNA (21-23 bp) § A, S
N S

Figure1.3. Mechanism of siRNA gene silencing. (a) The process begins upon the internalization of
dsRNA into the cytad. (b) The dsRNA is processed by an enzyme called Dicer (c) to produ2d-a 21

bp doublestranded RNA. (d) A protein complex called the RISC recognizes the siRNA and (e) selects
one of the strands to be the antisense/guide strand. (z) Alternatively, amgemous 2123-bp
sequence can be directly introduced into the system to bypass this mechanism. (f) The other strand is
removed from the RISC and degraded. (g) The antisense strand remaining in the RISC serves as the
template to find the matching base paig of the target mRNA. (h) The AGO2 endonuclease
component of the RISC cleaves the target mRNA resulting in the silencing of the gene by preventing
the translation step. (i) The RISC is recycled and is capable of displaying prolonged gene Silencing.

1.3.2. The effector step: silencing the target gene

Once the dsRNi& of the appropriate size of 243 bp, it is incorporated into the RNAduced dencing
complex (RISCFigurel.3d). Theo @erhang ang ghosphate terminus of the antisense strand have
both been demonstrated to be key elements of RNA incorporation into the RISC wherein one of the

strands remains loaded for mRNA targetifigirel.3e) as a result of interaction with a component
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of the RISC called argonaute 2 (AGO2) while the other strand is degi@idede(l.3f).1212 There
appears to be a mechanism for preferential strand selection based on the stability and sequence of
the oligonucleotide which provides an opportunity for the rational design of potent therapeutic

sequences?

Onceloaded, the antisense strand guides the RISC to the target mMRNA substrate located in the cytosol
based on Watsoi€rick basepairing rules Figure 1.3g) and this eventually leads to the targeted
degradation of the complementary mRNA in the cytosebgre 1.3h). Specifically, when perfect
complementariy exists, the activated RISC cleaves the phosphodiester bond in the mRNA between
ydzOft S2GARSa mn FyR mmI KEThe deavdde ofiha tarjek BRNA Qwhaty R 2 F
LINE@Syida GKS GGNryatlrdAzy 2F GKS LINRPUdactivated & dzf G Ay
RISC is then recycleBigurel.3i), and has been demonstrated to be capable of MRNA cleavage for
approximately 37 days in rapidly dividing cells, and for as long-dswaeks in nordividing cells®

The high specificity for mMRNA complementary targeting tedability of the RISC to be recycled are

the main reasons for the potency of this method of gene silencing. The gene silencing seizes upon the

drop of the activated RISC levels below a certain therapeutic threshold or as a rethgteoentual

degradation of the siRNA complex.

The many successful early studies and praxffsoncept demonstrating the high potency of siRNA for
gene silencing in in vitro models led to the movement to exploit this mechanism of knocking down

particular gene for therapeutic purposes.

1.4. Building an siRNA

1.4.1. Selecting a target sequence

There are two main steps required in selecting a candidate siRNA seqgtidficst, the gene that is
directly involved in the protein target of interest is identified. Since the entire human genome has
been sequenced, finding the gene can simply be a matter of searching the known literature and
databases for the location and sequence of the target. Second, an siRNA specific to the target gene is
designed and synthesized. The siRNA sequences for popular target genes are publistieel and
oligonucleotidesmay even be readily available for purchase. Al&ively, the sequence can be

selected with the use of tools such as NCBI BLAST and siDirect. The selection process can be carried
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out manually or through weland databaseadriven design of sequences. Typically, for new targets, it
is alsonecessary to teasmultiple sequences belonging to the same gene to observe for potency and

potential off-target effects?2!

In theory, any sequence along the gene of interiesapotential target for RNAi, however certain

guidelines are employeith order to achieve optimal silencing. Generally, avoiding singtdeotide
polymorphism (SNP) location sites is one of the more common recommendations because perfect
complementation is necessary for RNAi through siRiithas also been shown that avoiding introns

andp Q dzy NI yatl G4dSR NB3IA2Y ol ¢wld FYyR o0Q!¢w g2dzZ R |
are more prone to the presence of regulatory proteins that nsagricallyhinder RISC binding. As a

result, one of the suggestions is that the region aroundl80 bases from the start codon in the open

reading frame be the first area examined for the selection of SiRNA taftjets.

Specific motifs in the nucleic acid sequence of the target gene also showed to have a positive effect

2y (GKS &aAfSyOAy3d a&adzOKANLATI K p!@ibyradm oRA(NZANGVEREENY, 2 F  p
represents the number of nucleobases) along with a guanidiniesine (G/C) ratio below 50%.

Moreover, certain properties of the duplex stability can also be exploited. The selection of the
antisense/guide strand is typically based®® A OKS@SNJ aG NI yR KIF&a | fSaa ai
Meanwhile the less stable sense (codipgssenger) strand is sent to the Dicer protein, resulting in

degradation?*

An adlitional factor that may be considered is the secondary structure resulting from the native
confirmation of the target mRNA. Less steric hindrance of the target region would result in greater
accessibility for the RISC. Software such as Mfold and RNA¥xssiahin the prediction of target

MRNA secondary structure. In addition, there are many other intricacies involved in the design of an
siRNA sequencaich aghe avoidance of palindromes and internal repeats, and avoiding the selection

of asequence withmelting temperature () below 20°C. Conversely, the selection of a sequence with

ly aaSySNBe olffSec¢ GKSNBE (GKSNB Aa | f Saa adalo
oligonucleotides and including a U in position 10 of the sense strastiden showrto improve the

RISC activiti. A comprehensive set of criteria for precise and efficient siRNA design is summarized

nicely in the work of Fakhr et &.

For early stage research purposes, particularly ferdavelopment of new vehicldsr siRNA delivery
the target gene can also be a gene that is ubiquitously expressed across all tissue types. Transitioning

from a housekeeper gene to one of diseastvance iselatively straightforwardoecause all sSiRNA
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are similar from a chemicaglerspectiveregardless of sequenceThus, delivery systems designed for
one specific SIRNA molecule can theoretically work for all sequences, opening up the opportunity for

the development of flexible delivery platforms.

1.4.2. Synthesizing the oligonucleotide

One of the benefits ofisingsiRNA over other oligonucleotidmsed therapeutics such as mRNA,
viruses, and other more complex structures is tlitat synthesisdoes not rely on expression in
biological systems. The relatlyeshort, 2123 base painucleic acictcan be produced artificially in the
laboratory usingoligonucleotidesynthesizers and commerciatiiyailable reagents with fairly high
yields. Thus, it can be produced with less concern for contamination from a fgzstism and can be
produced with unique base and end chemical modifications which may enhance delivery. Modifying

siRNA is one of the topics discussed in more det&ertionl.7.1

DNA synthesis wasitially a slow and inefficiertask Theintroduction of phosphoramidite chemistry

in 1981 by Beaucage and Caruthers was a gama@ging discovery that solved many of tharly

issues encountered withhis procesg® This methodremains the gold standard of nucleic acid
synthesis to this day, and thmethodis applicable for both DNA and Rilased oligonucleotides. The
building blocks for phosphoramidite chemistry are premadecadingly to introducea phosphite

group to each protected nucleoside. These chemicals can be stored as dry, stable powders, making
them available for immediate use. Solid phase synthetic techniques are typically employed for the
synthesis of oligonucle@es and this process, partnered with the phosphoramidite chemistry

developed by Beaucage and Caruthdris process is outlined kigure1.4.2

ltisalsog 2 NI K y20Ay3a (GKIFIG GKS aeyikSaia o0S3aiya FNRY
most naturallyoccurring processes of oligonucleotide synthesis. The process also provides the
flexibility for the symhesis of uniquely modified nucleotide bases since they can be easily introduced

into the reaction as long as they contain the appropriate readive protective groups, and that they

are compatible with the aqueous conditions of the reaction.
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Figurel.4. Solid phase phosphoramidite chemical synthesis of oligonucleotides. The process begins

gAGK
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aSt SO0 A 9 whickiFfixdd krfo asdlid sGpydr. () Tha Fotedting group

is removedthrough a detritylation step to activate the base for coupling. (b) Upon activation, the
succeedingbase;B & (G KSYy | RRSR F2 NJ 8 dztdpping sep i then peki@mead Q@ Sy R
to eliminate all the unreacted ;:Brom succeeding reactionsd) The coupled nucleotides are then
oxidized(e) followed by detritylation of the Bribose. (f) The cycle is then repeated to add the
succeeding nucleotide. (g) Once all the nucleotides have been added, the oligonucleotide is cleaved

from the solid suppdr (h) followed by deprotection of the phosphate backbone. This method is

suitable for both DNA or RNA synthesis sinseliglydependson the types of nucleobases introduced

into the reaction. This also leaves the process open to adding modified nuegotid

10
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The biggest limitation with this technique is that any modifications with the oligonucleotide have to

be preplanned and synthesized into the nucleobases of interest, leaving anyrpdification of the
oligonucleotide to be a challenge. Anychange2 (KS 0Q SyYyR ¢2dz R f &2 NBIc
be fixed to the solid support. Moreover, this process ideally requires the use of specialist equipment

such as oligonucleotide synthesizers to produce the product at a good vyield. This results in the
phosphoramidite method not necessarily being ideal for laboratories to synthesize their own material

if special modifications are required.

1.5. Applications of gene silencing with siRNA

1.5.1. siRNA in biomedical research

The discovery of siRNA has made a signifizapact in the early stage preclinical research stage to
understand gene and protein function and to screen for potential drug targets. Traditionally, cell
based and animal studies of gene knockdown include the use of small molecule infibiam

genetic knoclout models?®

Treatment with small molecule inhibitors is a commonly used technique for the inactivation of protein
activity without necessarily affecting the concentration or overall structfra protein. This of course
requires that an existing drug molecule that binds to the targee&lilyavailable. However, one of

the shortcomings of this technique is the high likelihood of nonspecific interactions of the drug with
other targets. This my produce undesirable side effects that may influence the assessment of the
target gene. The binding of the ligand may also cause only a partial inhibition of protein activity,
resulting in a challenging assessment of protein functioithe ability to almost completely
downregulate the production of a single protein target to study the effects of its loss of function is
rather unique to the process of RNAIi. Moreover, the development of a new small molecule just for
the knockdown of a previously untargeted protein is not necessarily feasible due to the long lead time

typically required to find a drug candidate.

On the other hand, genetic knockout cell or animal models are another highly reliable method to study
the lossof function of a gene. The main benefits to this are that the knockout of the gene target can
be permanent and that there is typically a complete loss of function of the prétdihis technique

however, is costly, labointensive, and is not easily subject to hitfinoughput screening. Cell or

11
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animal populations that have certain genes knocked out may also be eHatinhealthy when

compared to their wild type counterparts, making maintenance and growth a challenge.

Thus, siRNA has become a valuable tool in the study of protein function. Because of the capacity for
sequence identification through databases and paglof siRNA oligonucleotides, it is possible to
achieve higkthroughput genomic surveys particularly iim vitro settings. The transient knockdown
achieved through siRNA treatment also allows for the studgasftrolled fluctuations inprotein

activity. The specificity and reliability of siRNA to identify and validate gene targets has broadened the

usage of siRNA in preclinical applications.

1.5.2. siRNA as a therapeutic drug molecule

Ultimately, the future of siRNA is tied to its capacity to serve as a thetap® address challenging
disease targets in the clinical setting. The first evidence of siRNA demonstrating its potential as a
therapeutic was in 2003 when Song et al. showed thaRhggene, a gene related to apoptosis, could

be knocked down in a hepitis mouse modet? Understandably, because of the mechanism by which
RNAI works, disease targets have to be those wherein protein dysregulation is the cause or one of the
main factors of the observed conditio Although this may limit the types of diseases that can be
treated with siRNA, there remains a wide range of therapeutic areas wherein siRNA knockdown can
be exploited. Examples of diseases that have been targeted through siRNA treatmeiitsaeted

in greater detaiin the clinical trial information outlined iSection1.7.4.2

A vast majority of therapeutics currently on the market are eitberall moleale-based or protein

based Each of the two provide their own advantages and disadvantages when compared with using
siRNAbased drugsTable1.1). For instance, small molecules and proteins have the flexibility to be
designed for either the activation or inhibition of targets, while siRNA, by nature of its mechanism is
limited to targe inhibition through gene silencing. Small molecules and proteins are also both
generally more stable and less susceptible to rapid enzyme degradation than siRNA. For proteins
however, this also depends on the amino acid sequence and its complex stryectpatties wherein

the denaturation of the tertiary structure can render them ineffective.

Conversely, one main benefit of SIRNA therapeutics which was highligatkerin Sectionl.4is that
its lead time can be rapid because of the knowledge of the human genome sequimdar to

protein-based drugs, siRNA tends to display high specificity and potency for its targatishipically

12
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the opposite of the high variability in potency and side effects observed from small moleculeldrugs.
addition, the ability to synthesize siRNA without the need for biological expression systems makes the

manufacturing rapid similar in t@re to small molecule drugs.

Table 1.1 A comparison of small molecule, protdiased, and siRNBased drugs info with
information from Lam et al’ and Vaishnaw et af?

Property Small molecule drugs Protein-based drugs siRNAbased drugs
Nature of action Activation or inhibition of Activation or inhibition of Limited to inhibition of
target target target (gene silencing)
Selectivity and Variable (depending or Highly specific and poten Highly specific and potent
potency ligandbinding site, (bindingsite specific) sequencedriven
specificity, affinity,
efficacy, etc.)
Lead optimization Slow (24 years) Slow Rapid (48 weeks)
Manufacturing Easy, coseffective Difficult, likely requires Easy, high cost
expression in a host
organism
Stability in Plasma  Stable Dependent on protein Stable, but nuclease
structure sensitive
Delivery to biological Easy Highly dependent or Challenging
target protein and target

Unfortunately, one of the biggest challenges of siRNA therapeutics remains its delivery to its biological
target within cells of interest due to the natural instability of oligonucleotides. Since the function of
RNA is tymially as transient genetic materiauchaswith mRNA), it has been found to be less stable,
and more prone to nuclease degradation than its #ibarapeutic DNA counterpa#t. This property

of sSiRNA, along ihh many other barriers, have hindered the advancement of siRNA therapeutics.

1.6. Barriers to delivery of short oligonucleotide therapies

The siRNA oligonucleotide is highly labile, encountering numerous complex biological barriers from
the point of systemi@administration all the way until endosomal escape upon intracellular delivery.

Some of the main challenges to siRNA delivery are summarizedurel.5.

13
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Barrier Description \
A Rapid clearance by the renal system due to small size
B Endonuclease or exonuclease degradation
Decrease of activity due changes in pH and presence of enzymes in the
C Nonspecific interactions with serum proteins affect bioavailability ¢
accumulation levels itargettissues
D Highly negative surface charge prevents endothelium penetnati

Few (if any)nechanisms of transport from the bloodstream to desired tiss
Difficulty in diffusion through extracellular matrix

E Limited to no passive diffusion across the cell membrane duertgel &ze and
highly negative charge
Very few (if anyactive transport mechanisms of siRNA across cell membi

F Minimal escape from endosomal compartment
Efficient dissociation from the nanocarrier or cleavage from modification
produce siRNA that is recognized by Dicer and/or RISC

Figurel.5 Barriers to siRNA delivery summarized from Ahmazada’ét al.

From a delivery perspective, all thefaetors play a part in limitinthe effectiveness of siRNA as a

therapeutic. The succeeding sections discuss some of the relevant barrigesater detail.

14
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1.6.1. Renal excretion

Similar to most small molecule drugs, MR has shown to undergo rapid and extensive renal
clearance. Soutschek et al. showed that unformulated or unmodified oligonucleotides have an
elimination halflife (t2) of just over five minutes in the blodd Several other groups later showed
that unmodified siRNA ia factexcreted through the urine within five minutes pesijection in mouse
models®-3"Two hours posadministration of naked siRNA, it is mostly cleared from the systam.

is likely that thisrapid clearance is due to the size of siRNA (~14 kDa) being below toé tort
glomerular filtration in the kidneyand its inability to be reabsorbed back into circulatidure to its
negative chargé**! The poor pharmacokinetic profile of sSiRNA severely hinders its effectiveness of
SiRNA as a therapeutic since it limits the duratiomvhich the siRNA can potentially reach its target
cells. Moreover, unlike small molecule drugs, it is not feasible to synthesize and produce large
amounts for a single dose or for frequent highse administrations due to its cost and limited

synthetic yidd.

One of the techniques to overcome this is to make the oligonucleotide appear larger. Formulating the
oligonucleotide into nanoparticles or conjugation to larger biomolecules such as proteins allow for the
siRNA to avoid rapid renal clearance due te $ize not easily passing through the filtration system in
the kidneys. Additionally, the modification of the siRNA with lipophilic end groups increases the
affinity for plasma proteins. This approach indirectly makes the siRNA appear larger and stealthier
thus improving its elimination halife. Some of the more common techniques used for limiting renal

clearance are described in more detail in the strategies outline&kirtionl.7.

1.6.2. Nuclease degradation

Biological systemsaturallycontain a class of enzyme called nucleases that are capable of the rapid
and targeted degradation of nucleic acids. Typically, degradafiolignnucleotides occurs as a result

of endonuclease recognition of pyrimidines in the middle of a nucleotide sequ@i@e.the other
hand, exonucleasescognize theo Q 2 NJ opte n&lgiR @cid® One method of testing siEN
stability is through incubation in serum or plasma. For instance, in fetal bovine serurff @B Sh

90% human plasntg siRNA degradation has been shown to be significant within the first ten minutes.

Thus, naked siRNA injected into the bloodstream is prone to rapid degradation.
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It was also found that susceptibility to RNAse degradation is a function ofiRAssequence and
A0GNHZOGdZNBE ® Ly LI NIAOdzZ F NE GKS 0Q 2@0SNKIFy3Ia sKAOF
Dicer product appears to allow the binding of RNase A, a family of RNA endonucleases, which is
ubiquitous in many living organisrf&Additionally, it was shown by Haupenthal et al. that the thermal

stability of nucleic acid duplexes can be predicted based on the G/C base cantgrthat the

presence of A/ktich regions in the oligonucleotide results in a decrease in stabilijthough it has

been shown that inhibition of RNAse results in an improvement of thelif@lbéf siRNA in serur,

inhibiting enzymatic activitis notnecessarilya practicalmethod forimprovingthe delivery of siRNA

therapeutics.

One of the simplechanges to the oligonucleotidean be maddy introducingmodifications to the
terminal nucleobasespecifically tolimit exonuclease degradatiomhe sequenceghat are known
targeted sites for enzymatic degradation can also be substituted with different modified fufrthe
nucleobasesThese chemical modifition techniques of oligonucleotides are discussed in more detail

in Sectionl.7.

1.6.3. Cellular uptake

Unlike small molecule drugs, siRNA is relatialyd with a molecular weight of approximately 14 kDa
and a size ofoughly7.5 nm in lengtf®®! and 2 nm in diamete¥? This large size prevenpmassive
diffusion across the cell membrane. In addition, theavily anionic phosphate backbone undergoes
electrostatic repulsion with the negatively charged cell membrane. Prdiaged drugs on the other
hand may vary in terms of overall sequence, resulting in variable clurrgen affinity for the cell
membrane However, despite being large in size, proteins are also capable of interacting with
receptors or other epitopes on the cell surface that allow for the active internalization of the

therapeutic through receptemediated endocytosis.

Unfortunately for nakd siRNA there appears to be no active method of transport across the cell
membrane. Despite elevated extracellular concentrations of the siRNA, internalization has been
shown to be fairly minimat®® It was once hypothesized that the interaction of siRNA with a
transmembrane protein called syshic interference defective protein (SID1), was responsible for its

endocytosig®®8 This is a protein normally involved in the transport of RNAI in tebeates such as
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C. elegansand is said to be homologous in mamml$iowever, this theory appears to have no

traction with no further mention of SiDihediated siRNA uptake being mentioned after 2007.

The barriersto cellular uptakecan be directly overcome in the labooay setting with the use of single

cell injection or electroporation for direct delivery of the siRNA into the cytosol without the need for
any carrier. Such techniques can be useful to study the behavior of a small population of cells.
However, this is elrly not a sustainable method for the use of SiRNA as a therapy in larger and more
complex organisms thus the effective delivery into target cells remains a major hurdle. The
formulation or modification of the siRNA with lipophilic or targeting groupseapgto be the favored
method of improving cellular uptake. The process by which these modifications work are discussed in

more detailin Sectionl.7.

1.6.4. Internalization and endosomal escape

The entry of siRNA typically into cells occurs through activation of the endocytic pathway resulting
from the internalization of the material with the diiof chemical modifications and potentially some
form of a delivery vector. Alternatively, in rarer cases and depending on the cell type, internalization
of siRNA can occur through the nonspecific engulfment of fluid surrounding the cell through the
proces of micropinocytosi& Regardless of the pathway of entry, the intracellular trafficking of the
siRNA begins in vesicles called early endosomes with an environment of around pH = 6.5. The sorting
of internalized material results in the recruitment of other functional and structural proteins where a
transition occurs first to late endosomes followed by lysosomes where the environment becomes
much more acidic (pH = 4.9)It has been shown that siRNA is trapped, inactivated and subsequently
degraded if it remains along this pathway. The acidification of the endosomes result in the activation
of lysosomal enzymes and the promotion of acidic hydrolysis of the oligonucledtigeentrapment

of siRNA has been observed through the imaging of fluorescktislled oligonucleotides being

colocalized in LAMPéxpressing vesicles indicative of the lysos@f.

Based on the mechanism of siRNA action, it has to be located in the cytosu@ssible by the Dicer
enzyme and the RISC for it to exhibit any therapeutic effects. Therefore, endosomal escape remains

the crucial final barrier to harness the power of gene silencing through siRNA.
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1.7. Strategies for improving siRNA delivery

As discussernh the previous section, numerous biological barriers limit the effective silencing of SiRNA,
and countless efforts are being made to improve its delivery. Upon oligonucleotide structure
optimization following the general guidelines setSactionl.4, naked and unmodified siRNA will still
demonstrate relatively poor stability, particularly with vivoapplications. To address the barriers
discussed irBectionl.6, there are various solutions that can be employed, and they are summarized
below inTable1.2. Many of the solutions are capable of addressing multiple challenges to siRNA

delivery.

Tablel.2. Solutions to overcome barriers to delivery of siRNA summarized from Saw%t al.

Level Potential solutions

Circulation Increase molecular weight and overall size by formulation to avoid rapid !
clearance
Introduce lipophilic or targeting modifications to improve affinity with plas|
proteins or retention in target organs
Modify siRNA backbone to minimize interaction with nucleases

Tissue Permeability Conjugate material to functional groups that activafeecific transport pathways
Formulate with a vehicle that will allow for enhanced penetrative propertie!

tissues

Extracellular Conjugate material to functional groups that activate specific transport pathw
Formulate with a vehicle that will allow f@nhanced penetrative properties i
tissues

Internalization Attach targeting ligands that bind to membrane proteimsreceptorsthat can

facilitate endocytosis
Minimize similarity in charge to improve cell membrane interactions
Modify the siRNA witHipophilic groups to enhance interaction with the ci
membrane

Intracellular Increase overall amount of internalized material to compensate for [
endosomal escape
Introduce peptide/polymer/small molecules that can disrupt the endosol
membrane

Many efforts have been made to overcome these challenges and this section of the report will focus
on four general strategies: the internal chemical modification of the oligonucleotide, supramolecular
structures, bioconjugates and finally, small molecule camgjates. As the technologies develop for
improving siRNA delivery, employing a combination of multiple strategies discussed below has also
becomeprevalent. These technologies have made it possible to translate siRNA from a simple, but

interesting academiexercise to one of the more exciting-amd-coming drugs in the clinic.
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1.7.1. Internal chemical modifications of the oligonucleotide to enhanstability

The internal chemical modification of the oligonucleotide has shown to greatly improve its stability,
particularly inin vivo settings. To enhance the potency of siRNA, numerous modifications to the
oligonucleotide have been studied, and these can be frrgubcategorized into three types based
on the location- modification of the ribose, phosphate, or the nucleobase as seéigirel.6. They

can be mtroduced simultaneously into specific sites within the siRNA to improve its overall efficacy

and stability.
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Figurel.6. General structure of an siRNA backbone. (A) The three main components are labelled as
the ribose (yellow), phosphate backbone (blue), and nucleobase (red). lllustratedsalectionof

the more common or unique examples of modifications made to theil®¥e group, (C) phosphate
backbone, and (D) nucleobase

Typically, the synthesis of siRNA is carried out through-pblide phoshoramidite chemistry, and
the introduction of these modifications to the oligonucleotide would be dependent oratlzability

of the modified bases compatible with the scheme described earlieiguarel.4.
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The first location at which a modification to an siRbd&kbone can be made is in the ribose group. It

KFa 0SSy &Kz2-0Win ihkribase i§ &nenableto modification due to this particular
functional group not being crucial for the siRNA silencing patf#2One of the most common
OKIy3sSa YIRS (2 GKS NARO623aS 3IANRAzLI A ycOH dedbip vtth A 3 2 y dzC
I -&QS ( K @®Me)H#¥ The introduction of heteroatoms is also an alternative option. For
Ayaidl yO0Ss CdzOA y ¥ subdiitutior d® notihkv@ thé fameld&tiimientah effect on the

RNAi when compareéxcessived -QMe substitutiors.”® Interestingly, modifications involving the
manipulation of the ribose ring structure itself also result in the improvedhisty of the siRNA. For

Ayaidl yOSsz dzyt 201 SR ydzOft SAO I OARa 6! b! 0 | N8 Y2NB

[ 201 SR ydzOt SAO I OAR&a 6[b! 0 2y GKS 20GKSNJ fOF YR I NF
Iy RC of e ribose. Thisgid conformation significantly improves the affinity of the base pairing of

the antisense strand to the target mRNA due to the locked structure remaining in the preferred
conformation for annealing? LNAs and UNAs can be introduced to incorporate more rigid or unstable

regions of the oligonucleotide as necessary.

Thesecond location at which a modification to the oligonucleotide can be made is in the phosphate
backbone. The substitution of one of the nbridging oxygen atoms in the phosphate group with a

sulfur atom is one of the most common modifications that camiagle to an oligonucleotide without
compromising its activity. It was shown by Geselowitz and Neckers that the resulting
phosphorothioate (PS) groups in the backbone increase resistance to nucleases whitgadsing
association with plasma proteins suah albumin This in turrresultsin alonger circulation time and

increased cellular associatidhOne of the benefits of PS modification is that the biodistribution and
activity appear to be unaffected when compared to unmodified siRNAAnother possible
substitution for the phosphodiester group inclusiihe methylphosphonate (MP) which has stoto

decrease protein binding due to its relatively neutral charge when compared to the PS due to the
presence of the short alkyl groupAnother type of modification which emphasizes the importance

2F GKS pQ SYyR Ay GKS t2FIRAYy3 2F GKS &atewind Ay d?2
phosphate with a A y & f  LIK 2 dB)IPE"YeThisSsubstifution minimizes the risk of the

Syl eyl A0 RSLIK2aLK2NE L & S@WwR adbificatiinShaspben $wgwR byA y O S
Haraszti et al. to improve siRNA accumulditfamhile Elkayam et al. showed that this modification

alsoincreases siRNA potenby enhancing the bindingf the siRNAvith AGOZ2!

The modification of the nucleobase structure is another option for sSiRNA modification. This strategy

israrelyemployed since it is at a fairly early stage of development and the understanding of its effects
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is still quite limited. They do, however, impart some valuable and interesting properties to the

2f A32ydz0f S2GARS® C2NJ Ayaill-medydgstidies (MBE fl Iy RSRb c@l & S
methyladenosine (M6AJ are simple variations to the nucleic acid structure that reduce innate

immune responses while also making themore resistant to nucleases. An interesting approach to

using base modifications is shown in the case-phénylpyrrolocytosine (PhpC) which exhibits strong
fluorescent properties. Wahba et al. used this strategy for the fluoresbased detection of ta

material, making the analysis of cellular association and uptake possible without the need for
additional dyesor labels®* Although the idea of base modification of siRNAaidy new and not yet
well-understood,this approachas the potential to become a part of the development of new siRNA

therapeutics to further enhance their stability and reducetaffget effects.

1.7.2. Nanotechnology and supramolecular structures

Despiteall the advancewith the variety ofinternal chemical modifications to improke potency or

stability of nucleotidesas discussed ifection1.7.1, those techniques hava limited effect on the
internalization of the material into target cells. Perhaps the most straightforward method of improving

SiRNA internalization is through the formulation approach. The use of commesialiable

0N} yaFSOUGA2y NBIFISyida adzORframianvirogenid FopulatiquickandS»n | y R
simple methodto transfect cell populations in laboratory research settings through the use of
lipoplexes. A lipoplex is formed due to the stabilization of the anionic nucleotide backbone with the
cationic lipid mixture. This complex may have effects on membrane disruptioningsintimproved

GN> ya¥SOlAz2y FyR SyR2az2Ylft SaoOlLlSed ¢KS alryS 02YL
formulation optimized for the local or systematic delivery of siRNA in animals which has shown over

70% target gene knockdown in the liver, kign lung and spleeff. Despite these advances, these

materials still tend to display a level of toxicity that is undesirable for its use as part of a therapeutic
formulation. Therefore, othemore sophisticated supramolecular structurassich as those illustrated

in Figurel.7 are typically used to formulate siRNAhe succeeding sections explore some of these

supramolecular structures in more detail.
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Figurel.7. Examples of supramolecular structures that have been used for siRNA delivery. (A) Lipid
nanoparticles, B) polymeric nanopatrticles, here labelled with targetargl stabilizingnoieties, and
(C) metal nanopatrticles.

1.7.2.1.Lipid nanoparticles

There has been a broad range of other technologies employed to formulate siRNA, perhaps hone more
popular than the use ofigid nanoparticles (LNPs). Lipid nanoparticles present a type of platform
technology that may be used for the delivery of siRNA due to their flexibility in encapsulating and
stabilizing practically anyoligonucleotide into nanoscaisized particles(typically <100 nmj’
Increasing the size of the pharmaceutical product improves its pharmacokinetics in vivo by limiting

the rapid metabolism or clearance observed with unformulated oligonucleofities.

A broad range of lipids have been studied throughout the years, and one of the benefits of using this
type of delivery system is the ease by whhia nanoparticle formulation can be made. These types of
formulations also have the flexibility incorporatemultiple types of lipids to impart specific physical
and chemical propertie® Particularly, the use of cationic lipids promotes the ssiéembly of
nanoparticles, with the positivelgharged hydrophit end of the lipid stabilizing the negatively
charged siRNA. The lipophilic tail, on the other hand favors the formation of a membrane or bilayer
that provides structure to the nanoparticle while stabilizing an aqueous core. The use of lipidoids,
artificial lipidlike materials, has been shown to be highly efficient in the delivery of siRNA. There has
been a high level of successful delivery of idtfulated siRNA, with the optimization of lipidoids
coming from the research of Alnylam Pharmaceuticalsy Hael found that C1:200, a 12carbon long
synthetic lipid with an amine head group shows improved internalization of siRNA LNPs through
micropinocytosis resulting in knockdown of a target gene in rodents anéhmoman primates with

over two magnitudes oimprovement over other LNPFE°
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Akinc, et al. have shown that the combinatorigpaoach to lipidoid development can be effective in
demonstrating how various parts of the lipid structure affect siRNA delftedyer 1000 lipids with
various lipid chain length)y amine primary R groups and charge were studied to find optimal structures.
One of the lipids, 98N12 was combined with a mixture of cholesterol and Hip@s to formulate
siRNA to suppress factor VII (FVII) or apolipoprotein B (Ap@B)mals It srowed potent silencing in

the lungs, livers, and peritoneal macrophages of rodent andimoman primate models after only a

single intravenous dos#&:*2

This type of work was furthered by group such as those led by Semple et al. who developed a library
of lipids based on the main component of stable nucleic acid lipid nanoparticles (SNALP) called 1,2
dilinoleyloxy3-dimethylaminopro@ne (DLiInDMAY DLInDMA is an ionizable, cationic lipid that
promotes the formation of high siRN&icapsulation efficiency and small, uniforrsiged
nanoparticles when compared to other LN®3he optimal formulation was found with the use of

one of heir lipidoids, DLHKC2DMA, which showed more potent silencing of the TTR gene in the liver
of rodents and norhuman primates compared toreviously developed NP formulation§® The TTR

gene silencing using a hanopiakt made from a DLIinDMA derivative was crucial to the advancement

of clinical applications of siRNA angexy similar lipid was used for what eventually became the first

FDAapproved siRNA drug on the market as discuss&eation1.10.1

As shown by the extensive work done on LNPs, the use of cationic lipids alone does not present
efficient sSiRNA delivergs they requirghe use of helper lipids. Cholesterol, for example c®@amon
component of many LNP formulations due to its capability to stabilize the nanoparticle by filling spaces
between the other more flexible lipid components of the lipid laffeMoreover, the use b
components such dasisogenic phospholipids and polyethylene glycol (Ripi@ls assist by disrupting

the cell membrane and by decreasing immune response, respectiVEEGylation has also been
shown to reduce aggregation of the nanopatrticles while minimizing reticuloendothelial clearance and

promoting liver accumulatiofy,

The rational design of novel lipids and other lipiee materials has even resulted in nanoparticles that
are stimulusresponsive. The work of Wang, et al., for ingt@amtroduced a disulfide bond in the lipid
tail that is reduced in glutathiorgch regions of the cell such as the cytossdulting in improved
release of the therapeutic from the vehici&More recent developments have also seen the synthesis
of stealthiernanoparticle systems, composed multiple complex lipidike macromolecules, such as
the LNPs of Yang et al. that mimic endogenous high deliysiyrotein (HDL) particles and promote

the cytosolic delivery of siRNA Moreira and coworkershave also outlined several of the more
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sophisticated systems including those that thse targeting peptiddabelled lipid nanoparticlet
deliver siRNA in combination witemall molecule chemotherapeuti¢® This type of combinatorial
strategy further highlights the flexibility of usihdNP delivery systems to tailor therapeutics to specific

disease areas.

Overall, the protection of SIRNA with lipids has been shown to increase its stability and bioavailability

while reducing the required dosage to observe therapeutic effedslitionally, formulation of SIRNA

is possible possynthesis of the oligonucleotide, keeping the siRNA synthesis process independent

from the generation of LNPs. Although LNPs have shown to be highly effective in the research setting,
there appears to be a negativerigterm outlook for its use in the clinic. Particularly, the toxicity of

the commonlyused excipients resuli® unfavorable patient outcomedn addition, te delivery of

siRNA LNPs to tissues other than the liver is extremely lintited.

1.7.2.2.Polymer, metal and other nanoparticles

Similar to the rational design of LNPs, a similar philosophy can be employed in the use of polymer
nanoparticle delivery systems, including the use of natural polysaccharides, or the use of
polyaminoacidg$9%1% with all nanoparticle delivery systems, the principles behind protecting the

oligonucleotide in circulation while enhancing intracellular transport remain siffflar.

Polyethylenimine (PEI) is commonly used for the delivery of nucleic acids. The high positive charge
density from the repeating ethyleneamine units allows for the formation of a stable complex with the
siRNA The buffering capacity of PEI and other similatigarged materials is also associated with

the sometimes controversial mechanism known as the proton sponge effect. Upon internalization of
the material, the compartment is known #idify along the endosomal/lysosomal pathway, and the
amine groups of the PEI (or other similar strong buffering material such as polyamidoamine) are
protonated!°This is succeeded by th&flux of additional protons and chloride ions. The rapid uptake

of ions causes an osmotic imbalance resulting in the eventual rupture of the endosome and release of
cargo into the cytosol®” However, this theory has recently been met with many critics and the exact
mechanism by which positivebharged polymersbehave to efficientlydeliver cargo remains
elusivel® Other polymeric nanoparticles such as polyisobutylcyanoaciffateand PEG
poly(methacrylic acid) block copolymer nanoparti¢ledave also proven to be effective for the

delivery of siRNA in laboratory settings.
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Interestingly, another approach to nanoparticle delivery is the conjugation of therlicleotide to

other nanosized reagents such as quantum dots (QD), magnetic iron oxide nanoparticles (IONP) or
gold nanoparticles (AuNPY'*2 For instance, Derfus et al. showed that the conjugation of QDs to
both a tumortargeting eptide and siRNA targeting a reporter gene resulted in the successful delivery
of the siRNA in HeLa cetlldMagnetic nanoparticles araso of interest due to their use in diagnostics
such as magnetic resonance imaging (MRI). Primary afuirdionalizediron oxide nanopatrticles
(IONP% were conjugated to siRNA and injected into mice via intravenous injection route. Tumor
tissues were iraged through MRI as a result of the accumulation of the IONPs. Significant knockdown
of the target gene was also observEdThe chemistriesire typically flexible such that they allow for
further modifications such as by the introduction of a disulfide bond that allows for the stimulus
responsive release of the siRNA cattfoRelated methods have also been used to functionalize

materials such as carbon nanotubes using similar techni¢fdes.

Another nanoparticldike material that can be used for delivery of siRNA is the exosome. These are
naturally-occurring, small vesicles that are excreted by cells for either interceltidpralingor
transport purposes. Since they are made of the sameenigtas the cell membrane, they anermally
biologically compatible, making them ideal vehicles for therapeutics that may need to be shielded and
targeted. ElAndaloussi et al. have shown that exosomes are capable of efficient delivery of SiRNA both

in vitro andin vivomouse brain model&t®

Unfortunately, most nanoparticle delivery systems share the same set of limitations. Thie\whis
by-products from degradation may exhibit a level of toxicity, activating an immune respamse
producing negative side effects unrelated to the gene silencing prdé€Bse cargo may also leak out

of the nanoparticles uncontrollably due to the loading occurring only via electrostatic interactions,
decreasing delivery efficiency at target sites. The reddyilarge size of these nanoparticles also limit
their applications to delivery to fenestrated tissues such as the #ehlthough many of these
technologies have exhibited successful and effective gene silencing in controlled laboratory settings
there appears to be a shift away from these types of materials. The limitations in SiRNA nanoparticle

delivery keeps the search ongoing for alternative siRNA vehicles.
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1.7.3. Biomolecular conjugates
1.7.3.1.Antibodies

Antibodies have become the gold standard targgtliyand for the purposes of drug delivery. Given
their high degree of specificity and affinity towards a particular antigen, their properties are in line
with the goal of targeted delivery of therapeutic molecules to specific cells or tissues while aniigimi

side effects.

The use of antibodies to deliver siRNA started with the-oowalent interactions between the
oligonucleotide and protamine, a short peptide fused to the antibody. The positive charge of
protamine allowed for charge interactions withglanionic siRNA while the specificity of antibodies
promoted targeting to a cell type of interest. In the case of Song et al., they shihaegrotamine
fusedto an antibody fragment could deliver siRNA targeting oncogenes sucimgs MDM2 and
VEGRo ErbB2expressing cancer cells in tumor modefsOptimized protocols have since been
developed for the rapid formation of such antibodgupled siRNAs fdn vivouse!'® The use of
antibodies has shown that the calpecific targeting of the siRNA cargo is possible, thus reducing the

total dose needed.

A B

Figure 1.8. Examples of biomolecular siRNA conjugates. (A) AntisdRIMA conjugates, and (B)
peptide-siRNA conjugates have both shown the ability to improve the delivery of siRNA.

The idea of antibody conjugatdikely started from the research at Genentech, Inc. which developed
the technology of antibodies bearing engineered cysteine residues (THIORABE presence of
site-specific cysteine residuexriginally allowed for the conjugation of small molecule drugs in a

specific psition on the antibody to create an antiboggmall molecule) drug conjugate (ADC). Using
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a similar technology, siRNA was conjugated to these homologous antibodies to form argiRd&y
conjugates (ARC) which, unlikeheir nanoparticle formulation countgarts, contain defined
vehicle:siRNA stoichiometr§igure1.8A). The coupling of the siRNA to the antibody had minimal
disruption to the gene silencinof the siRNA across a range of several different siRNA targets while

identifying specific receptors as being able to mediate the appropriate transport of matérial.

Extending from the concept of ARCs, it is also possible to take the smaller dpitigiemg fragment

(Fab) of the antibody of interest and conjugate it directly to siRNA. For instance, the technology
developed by Takeda Pharmaceutical company showed titatGD71 FalsiRNA conjugates improve

the delivery of the siRNA by increasing heart and skeletal muscle accumulation and significant

silencingfor up toone month postintramuscular administration of the materi&d?

One of the main benefits from antibody or immunoprotein conjugation is that many disease -or cell
specific targets have antibodies designed for them. This can be exploited fotitgrgells relevant

to specific types of cancéf>!?* In most cases of antibody or Fabnjugated siRNA, lorigrm
knockdown of a target gene is consistently shown, but endosomsedpe of the immunoprotein
conjugated siRNA remains a challenge. Another issue is that immunoproteins have to be synthesized
through either animal or cebbased methods. This requires the timmensuming optimization of the
synthesis if there are no existjrantibodies, along with the risk that the heterogeneity among the

products may cause differences in efficacy.

1.7.3.2.Peptide and aptamer conjugates

Compared to antibodies and Fabs, peptides have relatively low molecular weights, are smaller in size,
and can besynthesized through chemical methods and conjugated to siRNAre1.8B). Techniques

such as phage display for instance allow for the identificatibpeptide ligands that bind to a wide
range of receptors and other proteins with similar affinity to antibodies. This sets up the capacity for
high-throughput screening of targeting peptide candidates. There are also currently many known
peptides targetiig specific receptors or cell types that may enhance the delivery of cargo. For instance,
an integrin receptoitargeting peptide (cCRGD) conjugated to siRNA for VEGF showed potent silencing
of the target genén vival?>126The material showed selective binding with integeixpressing human
umbilical vein endothelial cells (HUVEC) in culture, while alsdfisamly improving tumor growth

suppressiort?” Another group showedhat siRNA conjugated to insulike growth factor 1 (IGF1)
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mimetic peptide demonstrated recognition of the IGF1 receptor. The conjugate showed target gene

knockdown in human breast cancer cétis/itro without the use of a transfection agett®

One of the issues observed from targeting peptides is that although they exhibit strong interaction
with their target receptors and promote internalization, mateséill tends to get trapped in cytosolic
compartments!?® For instance, three weknown peptides, cRGD, octreotide, and-F&tNP appeared

to show weak silencing despite more than sufficient uptake whilecthfermulation of the material

with transfection agents appeared to promote endosomal escdpklore complex combinations of

both targeting peptides and cationic polymers or lipids have also been tested with some success, with
the ationic polymers oveloming low membrane permeability thereby improving endosomal

escapet3t i3

Another approach to the use of peptides for the delivery of sSiRNA is the conjugationpéettating
peptides (CPP) which are thought to enhance membrane disruption and endosomal escape. Similar to
the conept of using protamine or PEI, a heavily positive charge on the CPPs is involved in the
penetration of cell membranes and transportation of cargo. One wided CPP is the Tat peptide
(RKKRRQRRR) which was discovered from the Tat protein of human ingficieady virus type
(HI\A1) 1% Chiu and coworker® 2y 2dzal 6 SR ¢4 G2 GKS o0Q SyR 27
cleavable linker to show improved transport of SiRNA targeting VEGF in mouse tumor models without

compromising siRNA activity’

Aptamers, on the other hand, are short DNA or RNA sequencealthatemonstrate selective affinity

to target proteins or receptors. They behave as nucleic acid versions of targeting peptides. Similar to
short oligonucleotides like siRNA, they can be synthesized in the lab, making them a viable candidate
for the conjugatbn to other therapeutics® Similar to conjugation to antibodies or proteins, the
chemical conjugation is simpler through either etadend conjugation oralternatively, through

complementary strand annealing to the siRNA. McNamara et al. shdlatda prostate-specific

membrane antigen (PSMA) aptamer could be synthesized as part of the sense strand of the siRNA.

The antisense siRNA strand was annealed to farmaptamersiRNA chimera to target PSMA, a
receptor overexpressed in prostate cancer c&€ptimization of the linker chemistry between the
siRNA and the aptamer has shown to improve both the binding affinity and gene silencing activity of
the siRNA37138

The targeting properties of peptides and aptameas also be combined with other technologies such

as LNPs through the labelling of the particle surface with targeting moieties. Many of these types of
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systems have demonstrated the efficient targeted delivery and silencing of the gene of interest. For
instance, liposomes coated with PH@d have incorporated short arginirglycinearginine (RGR)
peptides to target integrirexpressing tumor vasculature. This enhanced the targeted delivery of
siRNA against VEGF which silences one of the primary growtibrsfathat promotes tumor

angiogenesis*®

1.7.4. Small molecule conjugates

Ore surprisingly effective methodo improve oligonucleotide delivery is through the direct
conjugation of the siRNA to targeting or lipophilic molecules. The modifications are capable of
enhancing a combination of the pharmacokinetics, biodistribution, aicetlular uptake, and
subcellular trafficking of the siRN&.Generally, the structure of an siRNA conjugate is similar to what

is pictured inFigurel.9.

= - “g_;ﬂ

_ Linker
. Targeting/lipophilic moiety
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Figure 1.9. Example of an siRNA construct with targeting/lipophilic modifications. Chemical
conjugation is typically weli 2 f SNJ G§ SR Ay (péc&sionalfyh yp QizK & {D {0 IQ ILy2RA A
GKS D{ pQ LIRaArdGA2y A& 0Sa linkdrSedstodeynfailRadTopd®uwied ¢ & LIA
the appropriate chemistry for the attachment of the lipophile to the backbone of the siRNA.

The succeeding sections explore some of these small molsiRIMA conjugates in more detail.

1.7.4.1.GalNAc conjugates

A rather recent interesting development in the field of sSIRNA delivery has been the direct conjugation

of the oligonucleotide to a targetingmall moleculeMultiple groups had previously shown that it was
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possible to target the asialoglycoprotein recep(&SGPR) which is overexpressed in hepatic tissues,
through the conjugation of siRNA to derivatives of sugars such as glucose, gatdcosdactose*?

It was ultimately observed by Nair et al. that the conjugation of siRNA to the trivalent form of N
acetylgalactosamine (GalNAc), a derivative of galactose showed even higtarg affinity to the
ASGPRinthe livét¢ KS DIt b! O Y2RATFTAOIFIGA2Y A& GELIAOITTE

shown inFigurel.10.
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Figurel.10. GaINAesiRNA conjugate structure

The treatment of GalINAsiRNA conjugates in mice has shown preferential uptake in the liver and
significant suppression of target mMRNA with no adverse effects. These promising resedtdaradl
rapid transition to clinical trials to combat varying types of liver disease sudtemsphiliaand
hypercholesterolemid* As of 2021, two GalNAGRNA conjugates are fully approved by the FDA for
clinical use, while many others are in various stages of clinicalt¥df€These are described in more
detail inSection1.10.1 This method of targeting hdsecome the technique of choice fany siRNA

delivery required to the liver.

1.7.4.2 Lipophilic conjugates

Prior to the discovery of siRNA, it was known that the conjugation of lipophilic molecules to
oligonucletides resuled in increased protein binding, nuclease resistance and improved
biodistributionin vivocompared to their naked oligonucleotide counterpatts*¢The use of a similar

type of modification for siRNA has also shown to impart similar properties. This type of siRNA
conjugate isalso pharmaceutidly-favorable similar to the siRNgeptide, siRNAptamer, and siRNA
GalNAc conjugates because of its defined stoichiomedsgulting inless variability anda more

accurate dosage of oligonucleotide.
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As alluded to in the discussion of the mechanism BINg\, there are guidelines as to where end
modifications can be made without compromising gene silencing activity. Generally, modifications of

either end of the passenger (sense) strand have minimal effect on the siRNA activity since this strand
isnotincNLJ2 NI 6 SR Ayi(i2 (G§KS wL{/ ® / KSYAOItf Y2RATFAOI GAz
Aa faz2 G2t SNIGSRZ odzi YI& AYOGSNFSNB gA0GK o0Q 20
within the RISE**°However, due to the importance f KS pQ Sy R 2F (KS 3JdzARS
the RISC, modifying this site has been shown to greatly diminish siRNA &¢tivity.

Typicaly, the end modification of SiRNA also involves the development of a linker that allows for the
attachment of a small molecule that imparts lipophilic and sometimes targeting properties to the
oligonucleotide.Typically this linker is selected to providenaappropriate functional group for the

conjugation with the small molecule of interest and to serve as a bridge between two molecules that
would most likely have contrasting solubilities. In certain cases, the distance between the
oligonucleotide and modifation also has an effect on the gene silencing efficiency. Selected lipophilic

siRNA studies are summarizedliablel.3.

There have been many small molecule (typically lipophilic) modifications to siRNA that have displayed
varying degrees of improvements to the therapeutic. No small molecule modification leasnhere

extensively studied than cholesterdFigure 1.11A). The maodification of siRNA with cholesterol

through phosphoramidite chemistry was first showo improve the delivery of oligonucleotides in

human hepatoma cell line (HdF) by Lorenz et al. in 200% A group out of Alnylam Pharmaceuticals

f SR o0& {2dziaOKS]T S Itd gSNBE GKS FANRG (2 NBLRNI
sense strand of siRNA displays improvements both in biodistribution and eliminaticliféngif;.).

Three intravenous injections of a 50 mg/kg dose for instance resulted in the silencing of the target

ApoB gene in the liver and jejunum of mice by 60% and 75% respectively.
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Figure1.11. Some examplesf lipophilic molecules that have been conjugated to siRNA. Steroid
derivatives such as (A) cholesterol (B) lithocholic acid, (C) estrofig,r{ldnovalent fatty acids, {5)
multivalent fatty acids, and (M)}tocopherol.

It is understood that the improvements in the delivery of the cholesterol conjugatesaatly aresult

of the conjugate binding with serum albumin, thus prolonging circulatid@holesterol conjugates
havealso been shown tinternalize rapidly via EEAssociated endocytosis. The lipophilic group is
also capable of increasewn-specificinteractions with the cell membrane wherecholesterol is one

of the primary components'>® Although some of the doses administered to animal models are
extremely high and unsustainable for clinitenslation it showed that the use of lipophilic small
molecule modification can improve siRNA defiy particularly to the liver when compared to
unmodified counterparts. Surprisingly the modification of siRNA with cholesterol has also shown

significant knockdown of a target gene in the lung just 6 hours after administretion.

In addition to cholesterol, several other lipids have been explored for siRNA modification. In the same
work as the cholesterol conjugate, Lorenz et al. showed that a derivative e82af@ty acid also
INBF Gt é& NBRAzZOSR i K S-gafacosidsde gencieRpyessinfvitrailR Bn ekténdiv@ S (|
study by Wolfrum et al. showed that biodistribution can be altered as a result of the affinity of the
ligand for specific plasma proteins. In particular, it was fouvad a wide range of bile acids and leng

chain fatty acidsKigurel.11D-E) have different binding affinities for high density lipoproteins (HDL)

and low density lipoprotein (LDL). In general, conjugates that were transported in HDL particles ended
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up displaying awider biodistribution, with significant amounts of the dose found in the kidneys,
adrenal gland, testes/ovaries, stomach and brain. On the other hand, those transported in LDL

particles primarily trafficked straight to the livet.

This method exploits the ligand affinity towards specific serum proteins, which in turn have an affinity
towards specific tissues. The conjugates take advantage of endogenous transport processes which, as

a resut, provide a level of control over the biodistribution of sSiRNA. Because the conjugates tend to

bind and stabilize with serum proteins, the pharmacokinetics are also improved. With few exceptions,
adzOK O2yedzZaAl 6§Sa | NB NBETSRNBRO 2A vkb/! aiEK SR dzSh (IS (i K2

normally being lipidike in nature and demonstrating affinity for lipoproteins in vivo.

Additional small molecule modifications thatay not necessarily fall undére typical definition of a

lipid have also beetested for conjugation to siRNA. For instance, folic acid has been conjugated to
siRNA and shown efficient folateceptor mediated targeting of the therapeutic both in malignant
cellsin vitroand in vivo®® Increased silencing of apoB mRNA in the liver was also observed from the
conjugation oft-tocopherol (vitamin E) to siRNRigurel.11H). It is hypothsized that the mechanism

of d-tocopherol may be similar to that of cholesterol, where it stabilizes by binding to albumin and

other serum proteins, but thisas not extensively explored’

One study ohote that went relatively unrecognized in 2013 was when Bang et al. conjugated siRNA
directly to estrone, the ketonefunctionalized form of the female sex hormone, estrogéhTheir
results showed an increase in gesiencing activity from their RNAI target in the mammary gland,
which is known to have an upregulated expression of estrogen receptors. Unfortunately, no direct
evidence was presented of any active traffickinghadit conjugates to the mammary glands besides
the downregulation of the target gene. It is suggested that the estrogen receptors are able to prolong
the retention of the conjugates in the targeted tissues. They also suggest that the mechanism of
internalization is simply based on lipophilicity, such as that with cholesterol conjugates. Although this
conjugate was not studied in a tumor model in vivo, the authors suggest that the affinity of the
conjugate towards estrogen receptpositive tissues make it eandidate for targeted delivery to
certain types of cancers that express the estrogen receplareover, their results show that steroid

derivatives could potentially make effective modifications for improving the delivery of siRNA.
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Tablel.3. Selected siRNAmall moleculen vivostudies

Chemistry, linker

Ref

(location)

Dosage (ROA)

Target
gene

Organ/tissue
delivered to

Cholesterol Phosphoramidite, 35 50 mg/kg (IV) ApoB Liver, jejunum
aminocaproic acid
L NNBfARAY
Cholesterol Phosphoramidite, 57 50 mg/kg (V) ApoB Liver, kidneys.
trans4- adrenal gland,
K& RNE E & LINR testes, ovaries.
stomach, brain
Cholesterol Phosphoramidite, 158 20 mg/kg (1V) Ppib Liver, spleen,
GSONF Sliket kidney
PS)
Cholesterol Phosphoramidite, 154 37.5 mg/kg P38 MAP Lungs
degradable C6 (intratracheal)  kinase
disulfide/ ¢ o6 p Q
Medium chain fatty Phosphoramidite, 57 50 mg/kg (V) ApoB Liver
acids (@, G4, etc.) trans4-
K& RNE Ee& LINE
Long chain fatty Phosphoramidite, 57 50 mg/kg (V) ApoB Liver, kidneys.
acids (e, Gs, etc.) trans4- adrenal gland,
K& RNE E & LINR testes, ovaries.
stomach, brain
d-tocopherol t K2aLIK2NFY 157 2, 8 32 mg/kg ApoB Liver
GS) (1V)
Estrone Phosphoramidite, C8 159 20 nmol Lamin A/C Mammary gland,
ALJ OSNJ opQ (approx. 11 liver, heart
mg/kg) (1V)
CG17 diacyl lipid Cufree click (siRNA 160 1 mg/kg (V) Luciferase Orthotopic breast
DBCO + azide tumor model
PEG(2000) A LJA R (MDAMB-231)
Lithocholic acid Phosphoramidite, 158 20 mg/kg (1V) Ppib Liver, adrenal
GSONF SiKet gland, kidney
PS)
Docosahexaenoic  Phosphoramidite, 158 20 mg/kg (1V) Ppib Liver, uterine horn,
acid GSONF SiKet kidney
PS)
Docosanoic acid Phosphoramidite, 158 20 mg/kg (1V) Ppib Liver, adrenal
GSGNF SGKat gland, kidney
PS)
Monovalent t K2aLJK2 NI Y 161 20mg/kg (SC) HTT Lung, heart, liver
myristic acid PS)
Divalent myristic t K2 & LJK2 NI Y 161 20mg/kg (SC) HTT liver
acid PS)
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The analysis of a diverse group of siRIgiAl conjugates by Osborn et al. led to the conclusion that

the lipoprotein association in the serum is ultimately what governs the systemic distribution of the
siRNA over the specific cetir tissuetargeting ligands® Unfortunately, other than this, limited
information currently exists on the bound serum compoits of sSiRNA conjugates, with most of the
evaluation of the conjugates solely focused on the gene silencing in target tissues. It is also unclear
whether other serum components, besides the abundant HDL, LDL, and albumin are involved in these

processes.

Similar methods o$mall moleculeconjugationhavealsobeenused in order to introduce trackable
molecules directly onto the oligonucleotide. Many of the studies label their SIRNA with a fluorophore
such as a cyanine dye in order to monitor biodistribatiand intracellular localization of the

material /4169.162Aternatively, radioactive labels can also be attached for a similar puidse.

The modification of siRNA with small, lipophilic molecules has displayed relative success in the
preclinical setting with the system showing the capability for targeting organs other than the liver.

Particubrly, the significant reduction of target gene expression in organs such as the lungs, female
reproductive organs, kidneys, heart, and brain show that there is much yet to be explored in the small

moleculesiRNA conjugate therapy space.

1.8. Evaluation of siRIA therapeutics

There are several methods of determining whether effective siRNA delivery is achieved, and these can
be summarized into three different aspects: pharmacokinetics/biodistribution, transfection/cellular
localization, and mRNA/protein expressias illustrated inFigure1.12. Thesealso correspond to

overcomingsome ofthe barriers to siRNA delivery as discussefigntionl.6.
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Methods for siRNA therapeutic evaluation

Pharmacokineticsand Transfection and cellular Target gene expression
biodistribution , localization

cycles

Figure 1.12. Some common methods of siRNA therapeutic evaluation. In animal studies, (A)
Blood/plasma sampling can allow for characterization of pharmacokinetics, while (B) arioial

and organ imagingnalysisprovides information about changes in biodistribution. For both animal
studies andin vitro cell culture work, (C) Flow cytometry provides information about transfection,
while (D) imaging provides information about intedlalar distribution. Ultimately, siRNA is about
target gene silencing, so (E) quantitative réade PCR (QPCR) measures target mRNA levels, while (F)
Western blotting measures protein expression.

1.8.1. Pharmacokinetics and biodistribution

For preclinicalin vivo studies involving siRNA, two of the primary concerns would be the
pharmacokinetics (PK) and biodistribution (BD) of the therapeutic. In this light, sii@N#etagged

with radioactive labels or fluorescent dyes for easier tracking. Valuable information such as the plasma
clearance and elimination hdife (t12) can be gathered by the measurement of fluorescent or
radioactive signal in the blood at regular tirpeints1®* A rather sophisticated method has been
optimized by Godinho et al. where the use of a peptide nucleic acid (PNA) hybridization assay allows
them to quantify the amount ofjuide strand within blood or tissue samples without the need for

taggingof the oligonucleotide®®

In order to determine biodistribution, there are techniques suchhesinvivo imaging of live animals
using specialist equipment such as theVivo Imaging System (IVIS) which allows for fluorescent and
luminescent imagingn these cases,dzause biodistribution of the oligonucleotide is independent of
the siRNA target, dsDNA can be used as a surrogdtehe experimental endpoint, the same

instrument can be used to image individual organs prior to processing via other nt@aersthough
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the intracellular delivery of siRNg&an be limited due to other barriers, this caitill be partially
overcome by higlconcentrations of the material in the target tissues or orgafiserefore, it is

relevant to know where the material tends to localemed accumulate

Fluorescent or radioactive labelling followed by the appropriate quantification methods have
remainedthe standard method of quantifying sSiRNA material both in blood and in individual organs.
These techniques are crucial to understanding the behavior of the siRNA and any modifications or

formulations in a biologically relevant model.

1.8.2. Transfection and celilar localization

The knockdown of gene expression using SiRNA requires transfection into target cells. Tagging the
oligonucleotide with a fluorophore allows for the measurement of transfection efficiéficy.
Techniques such asibrescence activated cell sorting (FACS) can then be used to quantify the material
in cell population with a relatively low detection lim@ne of the limitations of flow cytometry is that

it is solely a measure of total fluorescence of each eabaning that it normally measures a
combination of both internalized and externatgsociated materidf’ Techniques such as the
specific hybridization internalization probe (SHIP) degvetb by Dumont et al.overcome this by
guenching of fluorescence that is not internalized. This allows for the distinction between associated

and internalized oligonucleotide€®

Despite advances in flow cytometry techniques, they donemtessarilyprovide any information about

the subcellular loc@ation of the material. It is crucial that oligonucleotide therapies such as siRNA
are delivered to the cytosol, and any material trapped in vesicles such as endosomes or lysosomes will
not provide any therapeutic benefits. To overcome this, imaging tegles such as confocal
microscopy can be usé@® The appropriate costaining of the cells with organsipecific dyes or the
expression of fluorescent proteins in different compartments of tedls allow for the study of the
colocalization of the delivered oligonucleotidi@. This information along with the data from flow

cytometry gives a more holistic picture of the mechanism and efficiency of siRNA internalization.
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1.8.3. mRNA and protein expression

Naturally, the goal of siRNA delivery ultimately the knockdown of the target mMRNA and the
corresponding protein. Therefore, the most direct evidence of siRNA activity and successful delivery
of the therapeutic would be through the measurement of the target gene of mRNA levels through
guantitative reverse transcriptase retime polymerase chain reaction (qFPCR) and protein

expression through western blot (WB).

The measurement of mMRNA levels through ¢FCR as developed by Higuchi et al. has been a widely
employed method for gene quantifition due to its extremely high sensitivity as a result of the
multiple cycles of amplification of PCR prodtiéDepending on the conditions of the experiment, the

limit of quantification (LoQ) has been shown to be as low&6 garget RNA molecules, while the limit

of detection (LoDDis as few as 3 template stranti$lt hasalso been observed that gRPICR can also

be used in a serguantitative manner to reliably detect a difference of 23% in samples even without
the use of a housekeeper gene. The comparison of two samples without an internal standard makes
the technique suble for the rapid detection of up or downregulation of a gene of intet&xverall,
sample analysis through gFPCR is rapid and highly sensitive. Moreover, the high level of
customization of primers allows for the detection of virtually any target sequence. Howtner,
required specialist equipment and the relatively high cost of PCR reagents can limit the use of this

technique for dayto-day use.

It can be argued that the protein expression is a more relevant measurement to take with regards to
gene silencing sinci is the decrease in protein expression that would indicate successful gene
silencing. Therefore, another method to determine whether a target gene is successfully silenced is
through WB. This is a semuantitative method was discovered in 1979 by se¥groups including

that of Towbin et al’* The separation of proteins through gel electrophoresis followed by probing
with antibodies allows for the identification of targets through various imagiaged techniques.
However, there can be a high amount of variability in the technique due to thitirfd methods,
sensitivity and promiscuity of the antibodies, and the method of quantification used. The technique
requires relatively simple lab equipment and low costs making it a widely popular method of protein

guantification.
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1.9. Copperfree click conjgation for the modification of oligonucleotides

Most of the modifications of sSiRNA with small molecules descrifedughout this chapterare

incorporated intothe solid phase synthesis step of the oligonucleotide itself. This has several benefits
including circumventing the issue that the lipophilic modifications have limited solubility under
aqueous conditions LJ- NI A Odzf | NX & ¢ KEegaus¥ af bha rfaturg of fhe solid fhase Q Sy R
synthesis however, it requires particular attention to the desifthe lipid being compatible with the
phosphoramidite chemistry of the oligonucleotide synthesis as well as access to a synthesizer to
perform the reaction. Moreover, the modification has to be decided prior to the synthesis of the

nucleic acid, leavinthe addition of targeting lipophilic groups pesynthesis to be a challenge.

One way around this is to select a reaction compatible with a functional group that is available on
commerciallysynthesized oligonucleotides. This would allow for the sequagg®stic addition of

any lipid postproduction of the oligonucleotide. Becauaeidefunctionalized oligonucleotides can be
synthesized by companies that specialize in DNA/RNA synthesis with relatively high yields and at low
cost, these can be selected for any sequence and stored for future modificationaotergeting
molecule of mterest has been selected. The chemistry that is typically used for conjugation with azides

is the highly orthogonal azidalkyne reaction which falls under the class of click chemistry.

¢KS GSNXY GOt A0l OKSYAaldNEE¢ garpless & alNEhO setitie Srikeriah Y H 1 N
for this type of sprindoaded reaction which occurs exclusively between a pair of reacting functional

groups. They mentioned that the reactions need to be modular, broad in scope, high yielding,
stereospecific, and oplproduce mild byproducts that can be easily separdtétllore importantly

however for the purposes of reacting with biomolecules such as nucleic acids, they also are relatively

inert towards functional groups such as amines, carboxylisaaicohols, thiols, and esters, providing

a selective reaction. Unlike many conjugation reactions that require coupling reagents that are either
compatible in aqueous media or in organic media but rarely in both, there appears to be no limitation

to the solvent compatibility with click reactions.

In particular, the discovery of copper (1) catalysis being effective in agueous media made the Huisgen
1,3 dipolar azidalkyne cycloaddtion (CUAAC) reaction highly poptifar’ This version of the click
reaction required no protecting groups while requiring minimal purification. It also displayedsalmo

full conversion and was entirely selective for a product with theslidstituted triazole as opposed

to the noncopper catalyzed, thermalinduced version of the reaction which produced 1,4 and 1,5

substituted stereoisomers. Mercier et al. showed thay | £ 1 @8y S 02dzZ R 6S Ay (i NRRc
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SiRNA through developing a modified resin to serve as the first base in phosphoramidite synthesis
process. This oligonucleotide could then be reacted with a fluetBeadiolabel for PET imaging

purposest’®

While the coppercatalyzed click reaction was powerful and compagiblith some oligonucleotide
work, the main limitation was the requirement of the copper catalyst. In simple small molecule
synthesis, trace copper may have minimal negative impact to a material. However, in the process of
bioconjugation for samples that arto be introduced or delivered into organisms, this is highly
undesirable due to copper not easily being removed when the reaction is performed at a small scale.
This led to the discovery of alternative reactions that forego the use of the copper caiabtatling

strainpromoted azidealkyne cycloaddtion (SPAAC).

Instead of the CUAAC reaction, Bettozzi and Boons discovered that the alkynes can instead be replaced
with a strained cyclooctyne. Due to the strain within the cyclic structure of the molethéetriple

bond readily reacts with azides under ambient conditions in the absence of a metal cat&fst.
Although this reaction was first described with a simple cyclooctyne, further optimization led to the
discovery of other candidates that are more reactive such as derivatives of difluorocyclooctyne
(DIFO¥3,  dibenzocyclooctyne (DIB®) 3,3,6,6tetramethylthiocycloheptyne (TMTHY, and

dibenzocylcooctyne (DBC@®jdurel.13), among several others.

N//
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Figurel.13. Strainpromoted azidealkyne click chemistry product with DBCO

SPAAC is now one of the preferred methods to synthesize many conjugates of interest for biological
applications such as labelled proteiff§, polymers'®® targeted biomolecules?®’ including in live
mammalian cell$®® and zebrafish embryo$8 In terms of labelling oligonucleotides, it has not seen
much use, with only a few works selecting this as their {sgsthesis modification method of tagging
nucleic acids with lipophilic groups. Sarett et al. for instance showed that terminakanudified

oligonucleotides can be reacted with a DBEEGNHS ester to label the nucleic acid with the

40



Chapterl: Introduction

cyclooctyne. This was then used to click to an azide functionalizedBPEBRPR000) lipid to enhance

the delivery of the conjugated siRNA to orthotopigrtor mouse model$°

The use of SPAAC for oligonucleotide modification is promising sincenaadified nucleic acids can

be ordered from commercial suppliers. This means that having any lipophilic or targeting ligand
modified with a group such as DBCO could potentially ditowhe rapid modification of the nucleic

acid without any other required preparation steps, opening up more conjugation opportunities for
SiRNA delivery. Therefore, in this work, the development of DBGAdified lipophilic molecules was

key in order todbel the commercialipbtained oligonucleotides.

1.10. Recent developments in siRNA therapies

1.10.1.The first SIRNA drugs on the market

The last three years have been an exciting time in the field of oligonucleotide therapeutics, with the
first three FDAapproved SRNA drugs coming to market. In August 28%&\Inylam Pharmaceuticals,

a company based in Cambridge, Massachusetts, USA, received approval for thei©wujpagfyo
(patisiran) This istargeted towards patients with polyneuropathy of hereditary transthyretin
mediated amyloidosis (hAATTR amyloidosis), a liver condition that causes the a misfolded TTR protein
to form clusters and build up deposits outside thest ! In the two years following the release of
Onpattro, the same company commercialized Givlaari (givosiran) to treat acute hepatic porphyria and
Oxlumo (lumasiran) to treat primary hyperoxaluria type 1. All three of these siRNA therapeutics target
liver-related di®ases that were once considered severely debilitating and untreatable. Their

structures and modifications are described in detairigurel.14

Onpattro uses a lipid nanoparticle formulation similar to those describ&gbationl.7.2.1 It contains

a commonly used combination of lipids, nae cholesterol, an ionizable cationic lipid
dilinoleylmethyt4-dimethylaminobutyrate (DLEMC3DMA), a helper phospholipid
distearoylphosphatidylcholine (DSPC), anddirgyristoytrac-glycera3-methoxypolyethylene glycel
2000 (PE&odCDMG). These lipidomponents are what enhance delivery to the liver, but are also
involved in causing the infusieelated reactions (IRR) which require the coadministration of a

corticosteroid, acetaminophen, and antihistamines.
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The succeeding two products from Alnylamivigari and Oxlumo, make use of the GalNAc
modification to the siRNA for delivery to the liver as discussetkitionl.7.4. As seen ifablel.4,
they do not require the coadministration of drugs to manage IR&tsdo they cause the adverse

reactions that have been reported with Onpattro.

Patisiran (Onpattro ™)

Antisense 3’ -

L96 =

. DNA —— Phosphate

. RNA === Phosphorothioate (PS)
@ 2-0MeRrNA

@ »-rrnA

Figurel.14. Structures and sequences of the three Fapbroved siRNA drugé>146.19
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Tablel.4. A comparison of the three FR#pprovedsiRNAbased drugs from Alnylam Pharmaceuticals

Onpattro Givlaari Oxlumo
(patisiran)*°t (givosiran)*4® (lumasiran)46
Approval year 2018 2019 2020
Disease target Hereditary transthyretin Acute hepatic porphyric Primary hyperoxaluria typt
(hATTR) mediatec (AHP) 1 (PH1)
amyloidosis
MRNA target Transthyretin TR in Aminolevulinate synthase¢ Hydroxyacid oxidase
hepatocytes 1 (ALAS}Yin hepatocytes  (HAOJ in hepatocytes

Dose for adults 0.3 mg/kg every 3 week 2.5 mg/kg monthly via 3 mg/kg monthly, 3x
and route of viaintravenous infusion  subcutaneous injection followed by a quarterly

administration dose via subcutaneou
injection
Formulation Lipid complex containing: None, stored as givosira None, stored as lumasira
components Cholesterol sodium salt sodium salt
DLIRMC3DMA
DSPC
PEGooCDMG,
among other excipients
Common adverse Infusionrelated reactions Nausea Injection site reactions
reactions (IRR) requirinc Injection site reactions

pretreatment  with a
corticosteroid,
acetaminophen and
antihistamines

Upper respiratory tract
infections

The release of Onpattro in 2018 represented the technology overcoming &&ighr to entry which

may lead to a succession of more siRNA drug approvals in the coming years. Unfortunately, because
of the rarity of the disease targets of the approved drugs, they currently come with a high financial
cost to the patient. Moreover, th significant difference in the formulation between the three drugs
appears to reflect another trend in the oligonucleotide therapy spatiee shift from a strategy of
nanoparticle formulation to that of direct chemical modification. This may be a re$ulhdesired
adverse reactions and the uncertain letegm effects of the nanoparticle formulation components as

well as the infusiosmrelated reactions seen from Onpattro and other LfgAnulated drugs. This shift

in delivery paradigm is seen in the ongpidinical trials of the latest sSiRNA therapeutics. Moreover,

the subcutaneous injection required of the two newer drugs may eventually lead tadmihistered

formulations, making the use of siRMAsed therapeutics available to a larger market.
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1.10.2.The shtus of clinical trials

Early stage trials have expanded the use of siRNA for the treatment of complex disease targets such
as advancegtage cancers, hepatitis B, fibrosis, and even viral infecffofise ever growing number

of ongoing clinical trials shows that the translation of siRNA to the clinic has now become a reality.
There are currently at least 88 siRlAsed drug# various stages of clinical trials, with a total patient

population close to 3600 individuals. At least 30 of the clinical trials are still in Ph¥se 1.

Many of the current clinical trialsave disease targets that are located in the liver, reflecting the fact
that it has become one of the easier targets in systemic siRNA delivery. Moreover, most of those that
target liver disease make use of the GalNAc delivery platform, cementing itss séat the gold
standard in siRNA delivery to the liver. However, there are many other organs that may benefit from
SiRNA treatment such as kidneys, eyes, skin and muscle. A list of selected siRNeéuateunily

undergoing clinical trialare summarized ifablel.5.

The broadening array of disease targets that may potentially be cured by siRNA is growing. It appears
that the future of siRNA therapeutics isright, and it is only a matter of time before more drug

candidates obtain full approval from regulatory agencies.

1.10.3.Limitations of current treatments

The great potential for sSiRNA therapeutics is currently has a few limitationsefsrsSectionsl.10.1

and 1.10.2 the siRNA therapeutics space is currently dominated by a single compaey.have
dedicated much time and resources in order to advance this technology given that several of the
earliest publications of SiRNA came from research groups within the company. This resulted in the first
three approved siRNA drugs, as well as antadil four in latestage clinical trials. Howey, it is
promising that other organizations includisgch as Quark Pharmaceuticals and Sylentis have also
been able to advance to a similar late stage in the FDA approval process. Moreover, it is alsmimpor

to note that Quark and Sylentis, along with many of the other companies listeahie 1.5, thelist of

target organsalso appears to be growirgeyond delivery to the liver

Most of the research is currently dedicated to targeting liver disease due to the success of the-GalNAc
siRNA conjugate platform. As seenFigurel.15, out of the 20 drugs siRNA drugs for liver disease

either approved or in clinical trials, 18 use the GalNAc delivery system. Some of the earlier stage
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therapeutics target a wider variety of orgaaad they make use of delivg systems other than the

GalNAc conjugate platform in order to achieve this.

Tablel.5 Selected ongoing siRNA clinical trig#$>

Company Drug cli!nicalt_r?als.gov Formulation Target Indication Clinical
candidate identifiero* gene (organ) trial stage
Alnylam Lumasiran NCT03681184 GalNAc HAO1 Primary Phase IlI
Pharmaceuticals (ALNGO1) NCT03905694 hyperoxaluria
type 1 (liver)
Alnylam/ Sanofi  Fitusiran NCT03417102 GalNAc SERPINC: Hemophilia A Phase IlI
Genzyme (ALNAT3) NCT03417245 and B (liver)
Alnylam Vutrisiran ~ NCT03759379 GalNAc TTR Hereditary Phase IlI
Pharmaceuticals (ALN NCT04153149 amyloidosis
TTRsc02) (liver)
Alnylam Revusiran NCT02319005 GalNAc TTR Hereditary Phase |lI
Pharmaceuticals (ALN NCT02595983 amyloidosis (ended)
TTRSC) (liver)
Alnylam/ Inclisiran NCT03397121 GalNAc PCSK9 Hypercholestere Phase |l
Novartis NCT04652726 lemia (liver)
Quark Teprasiran NCT03510897 None TP53 Kidney delayed Phase llI
Pharmaceuticals (QP+1002) graft function
(kidney)
Sylentis Tivanisiran NCT04819269 None TRPV1 Dryeye Phase 1lI
syndrome (eye)
Arrowhead ARGAAT NCT03945292 TRIiM AAT h 1-antitrypsin Phase Il
Pharmaceuticals platform deficiency (liver)
| Takeda
Sirnaomics STP705 NCT04844983 Undisclosed TGH 1 & Squamous cell Phase Il
polypeptide = COX2 carcinana (skin)
nanoparticle
Silence SLN124 NCT04718844 GalNAc TMPRSS6 i -Thalassemia  Phase |
Therapeutics (liver)
Dicerna DCRPHXC NCT04580420 GalNAc LDHA Primary Phase |
Pharmaceuticals hyperoxaluria
(liver)
Avidity AOC 1001 NCTO05027269 ARC DPMK Myotonic Phase 1
Biosciences dystrophy |
(muscle)
PepGen Ltd Unknown n/a Peptide Unknown Neuromuscular Preclinical
conjugate disease
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Figurel.15. Selected FDAegistered clinical sSIRNA therapeutics with delivery system classification and
target organs. Bold entries indicate Fapproved drugs while the rest are under various stages of
clinical trials. Superscripts indicate the type of delivery elehnot including modifications to the
oligonucleotide backbone: naked siRNRA ljpid nanoparticlej, GalNAc*, ex vivo cell transfection

("), viral vectorY), gold nanoparticle’], polymer nanoparticle?), exosomes®, cholesterol conjugate

(©). More detailed information about each drug can be found in the comprehensive review by Hu et

al 195

The wide variety of nanoparticle types listedrigurel.15will likely present its own set of challenges

when it comes to obtaining late stage clinical trial approvehddition,it is pertinent to point out that

there is one small molecule conjugate on the list. The cholesteanljugated BMT101 is an

intradermallyadministered formulation for the treatment of hypertrophic scarring. This marks the

arrival of lipophilic conjugates in the siRNA clinidal space.
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1.11. Hypothesis and aims of the research

This brief literature review has demonstrated that there has been remarkable growth in the siRNA
therapeutic space in recent years. However, there remain a significant number of opportunities when
it comes to improvinghe delivery of siRNA. Of particular interest to us is the strategy of using small

molecule conjugates.

This thesis focuses on the development of three new, previously unexplored classes of small molecule
oligonucleotide modifications to address various edg of the challenges encountered with SiRNA
delivery. In many cases, this work uses fluorescdathglled DNA because of its structural similarity

to siRNA and lack of therapeutic effects rendering it a suitable surrogate for optimizing the chemistry
and the analysis of properties such as material association and biodistributiorwditkiss subdivided

into three separate hypotheses that comprise the four original chapters of this thesis as follows:

Hypothesis 1:The conjugation of a derivative of amtastrogen to an oligonucleotide will provide
targeted delivery to estrogen receptoich tissues while also maintaining its antiestrogenic properties

and knocking down a target gene.
Aims:

1 Develop a platform for the conjugation of steroids to oligonotilges by using a
derivative of the antiestrogen fulvestrant withnaappropriate chemical handle for
conjugation to a commercialgvailable oligonucleotide as a mod€lhapter 2

1 Transfer the method developed for conjugation of an antiestrogen to siRhepler 2

1 Assess cytotoxic properties and gene regulation of the antiestrogen derivative when
compared to the unmodified antiestrogeapter 3

1 Compare the biodistribution of fulvestraniconjugated oligonucleotides with
unconjugated anaholesterolconjugated counterpartsGhapter 3

1 Evaluateimprovements in siRNA delivery as a result of the antiestrogen modification

(Chapter 3
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Hypothesis 2The conjugation of oligonucleotides to ceramides through cogpee click chemistry

will improve the association and intracellular delivery of a model fluorescent nucleicGuapter 4.
Aims:

91 Develop ceramides with a functional group containing a strained cyclooctyne for eopper
free click conjugation
1 Conjugate the functionalized ceramides toadel oligonucleotide

9 Assess changes &ssociationin relation to the type of ceramide conjugated

Hypothesis 3:The synthesis of a cleavable Cy5 on the end of an oligonucleotide will improve the

cytosolic delivery of nucleic acids by facilitaterglosomal escapeChapter §
Aims:

1 Develop a method for the synthesis of a Cy5 linked by a bioredutigaldide bond to the
end of a modebligonucleotide

9 Assess degradability of the disulfide bond undetucingconditions

9 Observe any changes to the intracellular distribution of the Cy5conjugated

oligonucleotide

Each of the hypotheses and aims is discussed in more detail in the corresponding chapter/s along with
proposed methods of testing each hypothesis. The thesis is summarigdthpter 6which povides

an overarching conclusion of the results with reference to the aforementioned hypotheses and
specific aims including some of the shortcomings and unresolved issues from this work. It then
proceeds to consider potential future directions for relategsearch extending from theurrent
findings.Chapter 7contains Supplementary Informati@and other data gathered during the duration

of this work that could not be fit into the main text of any of the chapters.

Ultimately, this thesis provides a platfar to potentially produce a wide range of lipophilic
oligonucleotide conjugates in solution with high yield using cogpae click chemistry, demonstrates
several improvements to biodistribution and cellular association of some of the newly developed lipid
oligonucleotide conjugates, and finally, demonstrates a unique way of agsiagnmerciallyavailable

fluorescent dye to alter intracellular distribution of the cargo.
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Chaper 2: The synthesis of antiestrogdargeted oligonucleotides

2.1. Abstract

This chapter explore a potential method for the conjugation of a commerciayailable, end
functionalized oligonucleotide with an antiestrogen called fulvestrant. The main challenge involved
finding the appropriate chemistry to conjugate this highly lipophaholecule without the need for
compatibility with phosphoramidite chemistry. Initially, functionalizing armmedified DNA with an
activated carboxylic acid group on the antiestrogen proved to be challenging due to limited solubility
and incompatibilityof most classical aminearboxylic acid coupling reagents. It was ultimately found
that the addition of a strained cyclooctyne group to the tail end of the lipophilic molecule allowed for
the modification of an azidéunctionalized DNA through a coppgee click reaction, resulting in the

full conversion of the oligonucleotide. Moreover, the methods developed allowed for immediate
purification of the DNA through traditional ethanol/salt precipitation methods followed by annealing

of the complementary stragh

The conjugation of the lipophilic antiestrogen via a copipee click reaction to an azidmodified
oligonucleotide presermd several unique and new developments in the field of oligonucleesimall
molecule conjugates. First, it demonstrdta new way of modifying oligonucleotides pesynthesis
without the need for preplanning the modifications into the phosphoramidite synthetic process.
Secondly, ialso demonstratesne of the rare times a smatholecule drug with a known function is
conjugated diectly to siRNA, potentially providing it with dethlerapy properties. Finally, it provide

a potentialplatform for the conjugation of a wider range of steroid derivatives and other lipophilic
molecules to commercialgvailable, functionalized oligonedtides. This wouldesult ina more
rapid way to explore new lipophilic oligonucleotide conjugates without the need to adopt specialist

synthesis methods.
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2.2. Introduction

The main obstacle preventing a more widespread clinical translation of siRIN#p#utics has been

its efficient delivery to the required site of action both systematically and intracellularly. The extensive
development of LNPspolymers? and other formulations of delivery vectors have proven effective in
certain cases, and so has the rise of the GaisiIRBIA conjugates that effectively target the livé&n

the other hand, the direct conjugation of siRNA to lipophilmecules has also been shown to improve
siRNA deliver§® Despite all the recent advances in ljgidnjugate siRNA therapeutics, the classes of
lipophilic modifications studied have been relatively limited. Various fatty atidspolesterolf® and
structural derivatives thereof have been shown to enhance siRNA therapy with certain levels of
success. Other than the aforementioned, very few other small molesilBIA conjugates have been

put into development. The enthodification of oligonucleotides through the conjugation of small
molecules has proven to be an effective method of improving the pharmacokinetics and
biodistribution of the therapeutic. Unfortunatg, the modification with lipophilic targeting molecules
without the capacity for oligonucleotidspecific techniques and specialist equipment remains a

challenge.

One of the limitations of developing new lipophilic modifications for siRNA is the requitehed the

lipid, lipophile, or other targeting grouplL) be compatible with the phosphoramidite chemistry

synthesis process of the oligonucleotide itself as sedrignre2.1. This is the general process that

KFa 0688y 2LIGAYAT SR F2NJ GKS O2YYSNDALf &adyakKSaha
modification would require the lipid to be tethered via a cleavable linker to a solid phase such as
controlled pore glass (CPG). It would also have a protected alcohol group which is subsequently
deprotected prior to adding the succeeding base (route A). Alternatively, the lipophile can be modified

to include the phosphoramidite group to act as one of theleabases in the synthetic process. This

allows for the flexibility to introduce this group onto the oligonucleotide in any central location as well

a4 GKS pQ FRoyt®kB ig affRcti y the soldbility @f, which in turn limits the types of
moRAFAOIGA2ya GKIFG Oy 6S YIRS G2 GKS 2t A32ydzOf S:

through this process.
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Figure 2.1. Examples of chemically compatible lipids for the incorporation into phosphoramidite

2f A32ydzO0f S2UARS aeyiKSaAa oKAIKEAIKGSR Ay &@Stf 2o
modification 6 Q )Ybg fRst tethering a compatible lipophil&)to a solid phase such as controlled

pore glass (CPG) then proceeding with the normal phosphoramidite synthesis process of nucleobase
addition. (B) Alternatively, with route B, m&id NI YR | YR p Q nfddl&orpy@ ReahR OF G A 2
be introduced by inorporating a phosphoramidite group into These methods can be combined to

introduce multiple modifications as long as thegroup is compatible with the phosphoramidite

chemical synthesis method.

Companies such as Integrated DNA Technologies (&Egmilar methods to introduce terminal
modifications to commercialipvailable oligonucleotide¥.These companies allow for the synthesis
of custom short nucleic acids such as DNA and RNA. This process can also be used to synthesize siRNA

targeting a gene of any chosen sequence. In terms of lipophilic end groups howegeonly
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madification that is commonly incorporated commercially is cholesterol. This is a modification that
enhances trafficking to the liver and improves intracellular delivery due to favorable association with

the cell membrané?® Other than this, it is difficult to find other lipophilic groups that are readily
conjugated to the oligonucleotide. It is notable that the cholesterol, unlike other modifiasiis only

availableoni KS 0Q SyR 2F GKS 2t A32ydz0f S2 (A R8pophiick A & ¥ dzl
moiety such asholesterol to a solid phase as describe#igure2.1is necessarin order to overcome

challenges in solubility.

Perhaps some of the most useful modifications include those that introduce terminal functional
groups to the oligonucleotide which permit further conjugation with compatible chemical moieties.
These are typically used to conjugate to larger constructs agctanoparticles, peptides, antibodies,

or solid surfaces. However, it is possible that these end groups can also be exploited in order to directly
introduce small lipophilic molecules while bypassing the need for phosphoramidite synthesis
compatibility.A list of selected terminal modifications and examples of compatible conjugate groups

is provided inTable2.1.

Table2.1. Summary of glected terminal modifications available for custom order oligonucleotides
from Integrated DNA Technologies (IT)

Terminal Linkers available Structure Compatible conjugate
functional (possible location) groups
group
Amine /[ ¢cX / mH 0pQU }iNH Activated carboxylic acid
2 NHS ester or imidoester
Biotin /¢ GSGNY SOK s H Streptavidin
2NJ 0QU <0 . NH
\g/\/\ H HN/&
Thiol / o 60QU0UX /c }iSH Thiols, maleimides
Alkyne /' n &aLJ OSNJ é6p f\é Azides
Azide /' ¢ aLl OSNJ op ;L/N=N+=N - Alkynes (Cu click), straine
cyclooctynes (Giree click)
Cholesterol ¢ SGNJ SGKef Sy N/A.

Hydrophobic modification
that promotes transfection
into cells.
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This current study is focused on developing a method to add a steroid other than cholesterol to the
terminus of a presynthesized oligonucleotide. In particular, steroid hormones are synthesized by the
body from cholesterol, resulting in a very similar structural backbone and in turn, similar challenges in
solubility. EstradiolRigure2.2A), for instance, is a hormone which serves asignalingnolecule that

acts primarily on the reproductive system, but also in other tissues. This results in the modulation of

cell differentiation, metabolism, and cell proliferatidh.

B |
O O/\/'\lj\

Figure 2.2 Chemical structures of (A) estradiol and two clinicajpproved antiestrogens. (B)
Tamoxifen, and (C) fulvestrant are both commepitgscribed drugs for the treatment @fstrogen
receptorpositive breast cancer.

In certain cases, the action froestradiol is detrimental to health, particularly in the case of breast
cancers which express the estrogen receptor (ER+). This requires treatment with chemotherapeutic
agents such as antiestrogens. Tamoxifeigre2.2B) is one such antiestrogen that is currently the

gold standard in the treatment for ER+ breast carfiéém alternative treatment option is fulatrant
(FASLODEX®). This drug was initially approved in 2002 as an estrogen receptor antagonist for the
treatment of ER+, human epidermal growth receptor 2 (HERBative breast cancers in
postmenopausal womef? It has also been used as part of a combination therapy fordtage,
metastatic breast canceéf.Currently, it is also favored as a secdim@ treatment to cancers that

display tamoxifen resistancé.More recent clinical trials have also demonstrated success against

HERZ2breast cancer in premenopausal wom#n.

One common characteristic between native estrogens aodhe antiestrogens would be their
lipophilic nature due to the presence of the steroid backba@mmilar to that ofcholesterol. The
hydrophobic properties of fulvestrant result in favorable binding to plasma proteins such as HDL and
LDLY® The resulting prolonged exposure and delayed cleegaof the drug are desirable properties

to improve the pharmacokinetics which may potentially be exploited for thelaiery of other

therapeutic molecules such as oligonucleotides.
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Thus, it would be a challenge to conjugate such a molecule to a pyrhgdrophilic oligonucleotide
without incorporating the drug into the phosphoramidite synthetic process. Fulvestrant was selected
as the lipophile of interest for this exercise due to the likely challenges encountered in the chemistry

due to its highly lipphilic nature and the lack of available sites for easy conjugation.

2.3. Hypothesis and Aims

A derivative of the highly lipophilic antiestrogen fulvestrant (FASLODEX®) can be conjugated to a
functionalized, presynthesized short oligonucleotide through a togpmethod in solution without
the use of traditional phosphoramidite chemical synthesis. An illustration of the predicted structure

of the target product is found iRigure2.3.

@n po7serse "t-m-ll
T

Figure2.3. Target structure to demonstrate feasibility of conjugating a lipophilsch as fulvestrant

G2 0GKS o as8 PNA cohitining a sohmerciadlyailableterminal functional groupNl). The

2f A2y dz0tft S2GARS gAtf 0S t+ro0SttSR 2y GKS pQ SyR 2
The complementary (guide/antisense) strand will then be annealed to complete the duplex
oligonucleotide structure.

Toprove our hypothesisthe following aims will be accomplished:

1 Synthesize a derivative of fulvestrant with a functional group available for coupling at the
0Q SYR 2F (KS ft2y3 OFNb2y OKIFAYy GFAf 0O2YL
functional goups of presynthesized, commerciadlyailable oligonucleotides as listed in
Table2.1.
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9 Identify and optimize an appropriate method for conjugating thiwestrant derivative to
the oligonucleotide.

1 Determine whether conjugation affects the formation of the double stranded
oligonucleotide.

9 Throughout each step, find appropriate methods to characterize the modified

oligonucleotide including whether the N\duplex is formed.

2.4. Results and Discussion

2.4.1. Synthesis of a fulvestrantarboxylic acid derivative (CA1776)

The first portion of this work was dedicated to the synthesis of a fulvestiamtderivative with a
chemical handle at the end of the carbon ch#iat extends from the steroid backbone. Since there
was no functional group at the end of the carbon chain for easy conjugation to any of the available
terminal functional groups of DNA, it was decided that a carboxylic raatit be appropriate for
amideO2 dzLJ Ay 3 g A (K -modifiecd DNAS ThiY rhojetute was ddsignBd to maintain the
steroidal fragment similar to the structures of both estradiol and fulvestrant for recognition by the
estrogen receptor. Since the long carbon chain is essentiahénfunction of fulvestrant as an
antiestrogen, this structure would be maintained as well in order to avoid activation of the estrogen

receptor.

In order to introduce the fatty acid group and the sulfur molecule in the tail of the steroid, (7a,17b)
7-(9-bromononyl)estral,3,5(10)triene-3,1 7-diol (1), was reacted with 3nercaptopropionic acid in a

nucleophilic substitution reaction as describedSicheme2.1 to yield compound?).
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OH OH

[o]
Qéb o @(Sb
Ho U NN B > Ho Y NN SO
NaOH, DMA, H,0 3
(1)
(2)
(7a,17b)-7-(9-Bromononyl) estra-1,3,5 (10)-triene-3,17-diol CHaO4S
30M4604
Co7H41BrO; MW: 502.75
MW: 477.53 (not isolated)
OH
$ OH
K /\/\/\/\/ <
H,0,, AcOH HO 7. \/\ﬁ
EtOAc, (3, CA1776)  °
C30H1605S
MW: 518.75

(67%)

Scheme2.1. Summary of the synthesis of a carboxylic aniodified fulvestrant derivativeCA1776
(7a,17b)7-(9-Bromononyl) estral, 3,5 (10)riene-3,17-diol (1) was first reacted with 3
mercaptopropionic acid in a nucleophilic substitution reaction to y{&)d The compound was then
oxidized by addition of hydrogen peroxide in the presence of acetic acid toGAId7667%).

Therelevant'H-NMR shifts for thesynthesis of2) are illustrated inFigure2.4A. The full spectrum of

(2) can be seen iB514. Upon washing the crude product with base to remove excess unreacted 3
mercaptopropionic acigfull *H-NMR shown ir812), (2) was analyzed throughH-NMR spectroscopy.

The signal from the two protons in positiarof compoundd) G + I o ®pmwm LILIYSIo & St f 2«
1) as the reaction progresses indicating a successful substitution reaction. These protons shift towards

GKS Ydzf GALX SG €201 GSR Ay (KS ¢a00pmdn). Ndediitiod githe & (G KS
protons associated with the thiol in positiohgnde g A (i K 1 ppril (blueapdv2.65pm (green)

respectively were also monitored.

Compound2) was then used without any further purification in an oxidation reaction with hydrogen
peroxide to yield the sulfoxide group in theXD position of the long carbon chain tail GA1776
similar to that in the structure of fulvestranEigure2.20). This product was purified through liquid

liquid extraction followed by flash column chromatography faotal yield of 67%.

CA1776vas characterized by4-NMR(SI5) and only a subtle shift in protons in positidrende within

GKS Ydzf GALX SG Ay (RSP0 pprh) Masdsen@& tohsistend with predintédln n
NMR spectra. The compound was further confirmed by LC/MS as sé&éguie2.4B with the [M +
H]*=519.00 and [M + Nak 542.00 consistent with the predicted MW of 518. 7ol (SI19). CA1776
contained a carboxylic acid group which would potentially be compatible with a wide range of amide

coupling method¥ with an aminefunctionalized oligonucleotide. Moreover, the location of the
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coupling would be away fro the steroid center which is crucial to estrogen receptor recognition,

potentially preserving the antiestrogenic activity of the conjugate.

()

B
oH [M + H]*
ch:?'ﬁ 519.00
o
HO 'o/\/\/\/\,s\/\g'o“ [M + NaJ*
(3, CA1776)
MW: 518,753
|
30 80 400 450 500 580 600 %0 10 7% 800

Figure2.4. Synthesis progression and characterizatiorC#f1776 (A)*H-NMR results showing the
protons of interest are shown up to the synthesis of compoy2di Relevant protons to the
nucleophilic substitution reaction with the-@ercaptopropionic acid are highlighted in the colored
regions. (B) The synthesi$ the productCAl1776had to be confirmed through LC/MS due to the
minimal shift in the protons fromH-NMR from(2).
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2.4.2. Conjugation of CA1776 to ssDNA

An attempt at conjugation was made through the formation of an amide bond between the carboxylic
acidin KS ' yGASadNR3ISY | yR-t i &S t-imdRFifstiomNEIDNA skighd | p Q
(Cy5ssDNAamine). One of the primary limitations of this reaction was the poor solubilitgA1776

in aqueous conditions. This required the solvent system tdain an organic component in order to

keep the antiestrogen derivative miscible. The initial proposal for conjugation is illustrashame

2.2 wherein potential methods for attachin@A177@&o the oligonucleotide were based on common
aminecarboxylic acid bioconjugation reactions in peptide chemistry. Initially, HBTU was selected as

the coupling agent because it is one of the classical methmdanide coupling. Howevet, turned

out that the solubility issue went both ways. Tky5ssDNAaminewas poorly solublén the organic

sdvents required for conjugatiosuch as DMF, acetonitrile, and DMSO, all resulting in 0% yield upon

analysis througlanalytical HPLC.

OH @/\/\/NHZ

. [o]
[¢] Cy5-ssDNA-amine n PP
Ho/@igss\/\/\/\/g\/\cm ..... Y am > @/\/\/HN'C\/\%‘
CA1776 © EDCINHS

or DMTMM HO

or HBTU Cy5-ssDNA-CA1776

OH

Scheme2.2. Proposed conjugation dfA17760 the aminefunctionalized, Cyabeled ssDNAQY5
ssDNAamine) through classical amide conjugation techniques to yiEbssDNACAL1776 an
antiestrogenoligonucleotide conjugate with an amide linker (red).

Numerous coupling reagents are inactivated in aqueous conditions, ultimately making many
conjugation methods unsuitable to obtain the desired oligonucleotide conjuffate.circumvent the
solubility issues encountered, the focus was shifted to reactions that are knolaen¢ompatible with
agueous solvent systems such as carbodiimide dinksr chemistry (EDC, EDC/NHS), and DMTMM.
The reaction performed through activation of the carboxylic acid via an NHS ester using EDC/NHS in
30% DMSO inJ (v/v) appeared to produceneé Cy5ssDNACAL1776product with a peak shifted
towards a later retention time upon analysis with HPLC corresponding to 11% conjugation vyield as

seen inFigure2.5.
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Cy5-ssDNA-amine

Figure 2.5. HPLC analysis ofy5ssDNAamine (top) and Cy5ssDNACAL1776 (bottom). The
chromatograph revealed a new peak at t = 16 min when compared to the unmodified oligonucleotide
indicating the increase in lipophilicity of the material as a result of the conjugati@Adf776 The

area under the curve is equivalent to a eension of 11%.

The analysis of the molecular weight of the peak thought taClygssDNACAL177&hrough MALDI

TOF did not yield the expected theoretical m/z = 9456.853 corresponding to the amide bond formation
between CA1776 (MW = 518.75)and the Cy5ssDNAamine (MW = 8956.1), rendering this
conjugation inconclusive at best. The reaction was also not reproducible, with subsequent attempts

at EDC/NHS coupling producing 0% yield upon HPLC analysis. Other reactions tested, including using
EDCHCI/NHSNnd DMTMM also produced no indication of the target product through HPLC analysis.

A summary of the different amide coupling methods that were attempted, along with observed yield

and other comments regarding the conjugation process are recordédlie2.2.
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Table2.2. Summary of attempted coupling methods tested for the conjugation of arDiNA to the
synthesized antiestrogecarboxylic acid derivative

Sl Solvent Yield Result/Comments ‘
reagent
HBTU/DIPEA DMF 0%  DNA precipitated in DMF as observed by the formation «
visible blue pellet indicative of Cy5. No evidence
conjugation from DNAAGBr HPLC.
HBTU/DIPEA MeCN 0%  DNA precipitated in acetonitrile. No evidence of conjugat
from DNAPAGE or HPLC.
HBTU/DIPEA DMSO 0%  DNA precipitated in DMSO. No evidence of conjugation f

DNAPAGE or HPLC.
EDC/NHS 70:30 HO:DMSO 11% Fully soluble. Possible conjugation observed from HPLC
(viv) new peak forming with a retention time 2 minutes later th;
that of unconjugated DNA corresponding to 11% vyield.
reproducible in succeeding reactions.
EDGHCI/NHS 70:30 HO:DMSO 0%  Fully soluble. No evidence of conjugation from BIRKGE ot

(viv), pH =9 HPLC.
DMTMM 70:30 HO:DMSO 0%  Fully soluble. No evidence of conjugation from ERXGE o1
(vIv) HPLC.

It was also noted throughout the development of this process that amide coupling lig tike a
preferred method of conjugation due to the activated ester also potentially reacting with the two
hydroxyl groups in the steroid center depending on the specific reaction conditions. Therefore, a new

strategy for conjugation was needed.

2.4.3. Synthesis of a fulvestranDBCO derivative (CA1898)

Since the coupling o€A1776to CysssDNAamine was unsuccessful, a new coupling strategy
centered around a coppsdree click reaction was developed. Unlike the previously attempted amide
coupling of CA176 to the DNA, the components of this reaction were all miscible and stable in a
variety of organic solvents, thereby avoiding solubility issues experienced in the previous amide
coupling reactions explored. Moreover, there is less likelihood of activatiaghydroxyl groups
located in the steroid with the amide bioconjugation reagents. Theoretically, the orthogonal nature
of the click reaction would result in a cleaner prodtftThe objective was to incorporate a strained
cyclooctyne into the structure aA1776To this endCA1776vas modified with dibenzocyclooctyne
amine DBCGamine, full tH-NMR inSI3) through an amide coupling reaction using HBTU as the
coupling reagent to synthesizeA1899Scheme2.3).
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QIO o Il

N Os__N

I\ ;’ )
DBCO-amine Q
(CA1776) > HO '//,/\/\/\/\/S\/\ﬁ'NH
HBTU (4, CA1898)
TEA/DIPEA CosHooN,05S
DMF MW = 777.077

(26%)

Scheme2.3. Synthesis 0ofCA1898 a fulvestrant derivative through amide conjugation with DBCO
amine using HBTU as the coupling reagent. Timikoduced a strained cyclooctyne into the
antiestrogen derivative for coppdree click conjugation.

CA1898could not be fully isolated through a simple extraction due to the DB@De alsobeing
soluble in organic solvents. Therefore, the crude mixtcoatainingCA1898was purifiel through
semipreparative HPLThe product of this reaction was identified @81898&hrough*H-NMR as seen
in Figure2.6A. As an example, the 3:1:1 ratio of the integrated peaks of protons labe/leg and 2z
are consistent with the structure €8A1898nd belong tahe separatemain building blocks used to

synthesize this product molecule.

The product was also characterized through mass spectroscopy as deégnre2.6B, with the [M +
HJ = 777.4 and [M + NafF 801.4 consistent with the predicted MW of 777.03/fol (SI110). The
overall yield from this reaction after two separate pwifiion steps is 26%5113). It was found that
unreacted CA1776starting material could be recovered through the same preparative HPLC and

reused for anther reaction.Full NMR spectra are shown$h6-SI18.
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Figure2.6. The synthesis of CA1898 was verified through tracking relevant protons throudh-(A)
NMR, and by (B) molecular weight analysis through LC/MS.

2.4.4. Click conjugation of oligonucleotide to antiestrogen

Similar to the reaction used by Sarett et al. to conjugateazidePEGgoofatty acid modification to
DBCGfunctionalized siRNACA1898can also possibly be used to perform a copfree click
conjugation? However, unlike the reaction that was used by Sarett et al., this compound reverses the
f20F0A2y 2F GKS TFdzyOlAz2ylf 3INRBdzLJA &dzOK ofitel G G KS

oligonucleotide, while the strained cyclooctyne is synthesized onto the lipophilic molecule. The lack
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of the large @oo PEG spacer also likely severely changes the solubility of the lipid component.
Therefore, unlike their Giree click reaction wich occurred under aqueous conditions, the

conjugation of an oligonucleotide witBA1898vould require optimization in organic solvent.

The coppeifree click reaction between the azide on the DNA and the strained cyclooctyGAb898

was thought to produe the target singlstranded conjugat€y5ssDNACA1898s shown irscheme

2.4. Initially, CA1898vas dissolved in DMSO and added directigy®ssDNAazidedissolved in water

to a final concentration of 30% DMSO. Upon overnight conjugation at ambient conditions of a 2:1
CA1898Cy5ssDNAazide molar ratio, a yield of 1.59¢y5ssDNACA1898was estimated through
HPLC analysis of areas under theve based on the appearance of a peak with RT = 21 min. Since this
would not have been enough material to work with, the ratio @A1898Cy5ssDNAazide was
increased further. Unfortunately, even at a ratio of 200:1, the yield appeared to plateau aFaA%e(
2.7B). Although DMSO s typically a viable component of a solvent system for ctppeclick
conjugation, the inefficient coupling was simitarthat reported by Lauer et al. in their conjugation

of SPAAQ@ctive fluorophores to azidmodified DNA-

HN—C

CA1898 Cy5-ssDNA- a2|de WOH
HO'

Cu-free click
Cy5-ssDNA-CA1898

Scheme2.4. Copperiree click coupling a€A1898o p Qy5labelled,0 &ide functionalized DNEYS
ssDNAazidg to yield the single stranded conjugatey5ssDNACA1898

The yield from the DMSO conjugation would have been a viable amount of material to work with.
However, it was thought that a change in the solvent system may improve the conversion without

having to use an excessive amountd#1898 The necessary removal of DMSO after the conjugation
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also presented a challenge since the presence of the aprotvesbcaused DNA precipitation with

ethanol to be ineffective, thus potentially requiring more complex purification methods such as HPLC.

In this light, the solvent was switched to 75% EtOH/25@h A 2:1 molar ratio dEA1898Cy5ssDNA
azideproduced a ield of 14%, indicating that this solvent system may be more favorable than DMSO

for copperfree click conjugation of the oligonucleotide ©A1898 Increasing this ratio further

improved the yield o€Cy5ssDNACA189&s demonstrated ifrigure2.7A. It was found that a ratio of

60:1 would consistently produce the target product with 100% conversion indicated by a complete
AKAFAO 2F GKS 1t[/ NB&sYesnesshm fiubraséence detegfor idzicatipgd (0 K S
the shift of the Cy5 fluorophore.

Cy5-ssDNA-CA1898
A 100 -

Cy5-ssDNA-azide ”
é 'I
) '5
60:1 il 5
_ - A 5, 50
10:1 l ,"".I se
2:1 | I
— - 7‘ S -— e
11 1
0:1 0 T T T T 1
| | 0 50 100 150 200 250
T ' Molar ratio of CA1898 : Cy5-ssDNA-azide
12 min 21 min

Figure2.7. Estimation ofCy5ssDNACA1898yield through HPLC peak shift. (A) Examples of the HPLC
trace of the reaction performed 5% EtOH and an increasing ratidC#1898Cy5ssDNAzideare

v A s oA = oz

AK2oy® ¢KS 1 t[/ RS 56 642/686 it basediod the spextruin BICY5] (B) A
summary of the comparison of yields from the copfirere click conjugation in DMSO and in EtOH
where yield is reported as the percentage@fsssDNAazideconjugated toCA1898

Moreover, the appearance of only one fluorescent peak on the analytical HPLC indicated the absence
of any byproducts from the coppefree click reaction, further exhibitintpe orthogonal nature of this
coupling. The product from the conjugation was then analyzed through MARB(SI11-S112). A
massto-charge increase of 780 m/z was observed in the conjugated sampleeasirsEigure2.8

consistent with the addition of the equivalent molecular weightG#189&o the Cy5ssDNAazide
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This indicates that the coppédree click reaction successfully synthesigadssDNACA1898hat was

proposed in the modified conjugation.

The formation of the target product as shown by HPLC and MRQBIshows the first time the copper
free click reactin was used to label an azifienctionalized oligonucleotide with a lipophilic targeting

drug molecule modified with a strained cyclooctymighout a long linker to improve solubility
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Figure2.8 The oigonucleotides were characterized through MAOKIF using-BIPA as the sample
matrix, with theCy5ssDNAazideproducing a peak with m/z of 6958.583 (theoretical m/z = 6951.9).
CA1898ssDNACy5produces a signal at m/z of 7738.824 (theoretical m/z = 7728.9), with a shift of
m/z = +780 representative of the coupling@h1898

2.4.5. Annealing of complementary strand to CA1888DNACyY5

The final challenge in producing a complete surrogate for a hipigpsiRNA conjugate would be the
annealing of the complementary DNA strand which would be the equivalent of the antisense or guide
strand in siRNA. To this end, two different pathways to annealing were assessed as illustrated in
Scheme2.5. Path A involved first annealing the complementary strandn{p-st) prior to the
conjugation withCA1898 The other option in path B would be taking the conjuga@®dbssDNA

CA189&s described in the previous section and anneatmmgp-st. Forming the duplex in either case
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was performed by adding a 1.05x excessarfip-stin a saline sodium citrate buffer and the heating
of the sample to 95°C for five minutes befakowing it to slowly anneal by cooling it back to room
temperature. Theoretically, either pathway should producgy5dsDNACA1898 With either
pathway, the resulting product was precipitated in a mixture of ethanol/sodium acetate buffer,

pelleted, and msed prior to analysis.

Cy5-ssDNA-azide

comp-st A | B CA1898

Y Y

Cy5-dsDNA-azide Cy5-ssDNA-CA1898

| A

CA1898 comp-st

Q
HNCon

SR T

Cy5-dsDNA-CA1898

Scheme2.5. Two options for the conjugation 6&fA189&nd the annealing afompto the Cy5ssDNA
azide Path (A) involved the conjugation @@A1898to the Cy5ssDNAazide as previously
demonstrated. Path (B) involved first annealoamp-st to the Cy5ssDNAazideprior to the Cufree
click coupling 0€A1898.

First annealingomp-st through Path A resulted in most of the material converting to the annealed
form, Cy5dsDNAazideas highlighted in peak b figure2.9 with a yield of over 90%. However, the

conjugation ofCA1898o the duplex appeared problematic. This pathway appeared to limit formation
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of the Cy5dsDNACA189&arget product, as indicated by only 3% of the total @tielled material
highlighted in peak d.

C
k \ ﬂ
Cy5-ssDNA-azide "J - Aj

Cy5-ssDNA-CA1898 m U
Path B Al J
Path A A

. L ——- | \ | | \
‘ . ‘ ‘ ‘
5 10 15 20 25 30 35 40 min

Figure2.9. HPLC analysis of the annealing and conjugati@y&ssDNAazideto comp-standCA1898
respectively. This trace shows the difference in resulting product of path A and path B as proposed in
Scheme2.5. The Cy5ssDNAazide peak a) andCy5ssDNACA1898(peak c) retention times were

both identified to serve as reference for the two reaction pathways. Peak b indicates the formation of
the duplex Cy5dsDNAazide and peak d is the target producty5dsDNACA1898.

Path B involved conjugatinGA1898prior to annealingcomp-st which was the method initially
attempted as described iBection2.4.4. This synthesis path consistently produced a yield of over
95% of the target conjugat€y5dsDNACA189&s indicated by the HPLC trace (peak dBigure2.9.

The slight shift of theCy5ssDNACA1898peak (peak c) to the left (peak d) indicates a successful

annealing step. The yield is estimated by calculating the area under the curve.

This procesglearly indicated that conjugation prior to annealing (path B) was the optimal way to
produceCy5dsDNACA1898with maximal yield. It is likely that the annealing of the strands prior to

the conjugation ofCA189&s illustrated in path A may have result@dsteric hindrance of the azide
group. This in turn caused the limited interaction between the bulky DBCO groGad898&nd the

azide on the oligonucleotide. This is an issue that could possibly be addressed through the addition of

a longer linker, parcularly between the azide and the oligonucleotide to minimize steric hindrance.
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However, this is a functional group modification that would not be available commercially, and thus

defeat the purpose of having a orstep Cufree click reaction to modifyraoligonucleotide.

2.4.6. Characterization of the DNA duplex by gel electrophoresis

Another method of determining whether the oligonucleotide was successfully conjugated to a
lipophilic molecule such &A1898s through gel electrophoresiigure2.10). Upon optimization of
the experimental conditions, it was found that a high percentage of acrylamide (in this case, 15%) was

required in order to see separation of the short nucleic acidhimmmethod that is typically used for

protein characterization.

alejclo

Cy5-dsDNA-CA1898, Cy5-dsDNA-chol
Cy5-dsDNA-azide

Cy5-ssDNA-azide

Figure2.10. DNAPAGE of the oligonucleotide constructs. Samples were run in a 15% acrylamide gel
for 1.5 hours. The gel was imaged using the Cy5 filter on a Typhoon 5 imaging system. The four lanes
are as follows: (ALCy5ssDNAazide (B) Cy5dsDNAazide (C)Cy5dsDNACA1898and (D)Cy5
dsDNAchol.

The gel is able to distinguish between single and doestiEnded oligonucleotides of the size used in
this study (20 and 22 bases for the sense and antisense strands respectively). Thatisingied DNA
migratesfurther down the gel (lane A) when compared to the doubleanded counterpart (B). This

is expected due to the difference in size, but is not seen in lower acrylamide concentration gels.
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Another shift in the migration pattern occurs when the oligonudig® is conjugated to a lipophilic
molecule. In this case, tHey5dsDNACA189&onstruct that was synthesized earlier was observed to
migrate less when compared to the unmodified oligonucleotide. The decrease in migration is possibly
due to the decreasenioverall relative charge of the oligonucleotide with respect to its size when
compared to the unmodified form. Moreover, an equivalent cholesteaijugated form of the
oligonucleotide Cy5dsDNAcholwas also run alongside the other oligonucleotidesldb resulted in

a migration similar to that o€y5dsDNACA1898ndicating that bothCA1898and cholesteromay

impart similar lipophilic properties to the oligonucleotide.

2.4.7. Synthesis and characterization of an siRITA1898 conjugate

Upon establishing eeaction that works with DNA, the same, copyfiexe click reaction as described

in Scheme2.4 was used to conjugat€ A189&vith an azidefunctionalized ssRNA. The same annealing

protocol as outlined in path B @&cheme2.5 was also used to form the siRNA duplex. The siRNA
sequence selecteds{SSBwas against th&SESmall RNA Binding Exonuclease Protection Factor La,

2N { 223INByQa { &yehR NiBsyeSe cbdgsifdaaubiglitousprotein that binds and

stabilizes nascent RNA in nearly all cells and tis¥ueis. sometimes also used as a housekeeper gene

in gPCR and protein expression analysis. The two strands of thar@MAsignated as the passenger

strand 6iSSB_PSand guide strands{(SSB_QSwhere the passenger strand contains the azide
Y2ZRAFAOFGAZY 2y GKS -be@cli&yeBctidnf t 26 Ay 3 F2NJ GKS 0O2L

Since the siRNA sequence does not contain a fluorophgrelyacrylamide gel stained with SYBR Gold
nucleic acid gel stain was used to verify the conjugation and annealing process. This was the preferred
stain because of its ability to also detect singteanded oligonucleotides. The gel kigure2.11
summarizes the progress of the reaction, and confirms the conjugasi3SB_RSA1898 and
annealing of the siRNAIEGSBCA1898. The conjgate 6iSSB_REA1898 appears larger than the
unconjugatedsiSSB_P&s expected due to the addition 6/A1898which is larger in molecular weight

than two oligonucleotide bases on average. Moreover, it imparts lipophilic properties to the
oligonucleotideresulting in slower migration in the gel, consistent with the results of the DNA

conjugation.
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AlB|c[DEF

siSSB-CA1898
siSSB

siSSB_PS

Figure2.11. Acrylamide gel electrophoresis of siRNA to verify conjugation and annealing. Confirmation
of the conjugation and annealing can be seen by the decrease in the migration distance of the sample
when compared to the unmodified siRNA. The gel (15% acrylamide) was run at 70V for two hours,
then subsequently stained with SYBR Gold nucleic acid gelBuasixlanes are as follows: (A3RNA

ladder (bp) (B)siSSB_P$C)siSSB_G$D)siSSB(E) siSSB_RSA1898 (P siSSBCA1898

Upon annealing of theiSSB_P® the siSSB_G$he productsiSSBappears at the correct size based

on the dsRNA ladder. WhesiSSB_GB annealed twsiSSB_RSA1898 the product again appears

larger 6iISSBCA1898. In the lane folCA1898siSSBthere appears to be a fainter band below the

main product. This is likely from the excess OsiSSB_G# the annealing process, whickas
performed at a 1.1:1 GS:PS ratio. This single stranded RNA will likely not have any activity in cells

because the RISC complex only recognizes siRNA when it is in its duplex form.

These results show that the methods developed for the cogpee clickconjugation of CA1898 to

oligonucleotides can be translated over to functional, therapeutic oligonucleotides such as siRNA.
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2.5. Conclusions

A new antiestrogen derivative based on the commercially available drug fulvestrant (FASLODEX®) was
synthesized. Inidlly, a carboxylic aciflinctionalized derivative of the compoundCA177% was
designed specifically for conjugation to an amfoactionalized singlstranded DNA labelled with

Cy5. Due to the challenges encountered with conjugating the antiestrogdmetGysssDNAamine

through various widelhused amide bioconjugate reactions, a shift in the conjugation strategy was
required. Modifying the linker end to introduce the strained cycloalkyne functional group provided a
more robust method of conjugation. Theew derivative calledCA1898still maintains the core
structure of fulvestrant but introduces a strained cyclooctyne group on the end of the long carbon

chain of the molecule available for conjugation with an afidectionalized oligonucleotide.

CA1898was characterized byH-NMR spectroscopy and LC/MS. It was found that898ould be
conjugated toCy5ssDNAazideunder mild conditions of 70% ethanol. These conditions also made it
easy to purify the DNA through traditional precipitation methods. Theemaltis pure and produces

a high yield oCy5ssDNACA1898>95%) consistently. The conjugation was deemed successful upon
analysis through HPLC and MAIDIF.

It was also found that the annealing odmp-st had to occurafter the conjugation ofCA1898since
trying to anneal to the duplex CydsDNAazide produced poor yield of they5ssDNACA18993%).
Annealing after conjugation on the other hand boosted the yiel@y#ssDNACA18980 aboved0%.

This chapter presents a new method of modifying commere&ibilable oligonucleotides with a
lipophilic molecule without the need for specialist equipment or compatibility with the
phosphoramidite chemistry process. Secondly, it also shows that a mod#ireolecule drug can be
conjugated directly to an oligonucleotide, potentially imparting dilredrapy properties to the
conjugate. Finally, it provides a platform for the conjugation of a wider range of lipophilic molecules
to commerciallyavailable, fuationalized oligonucleotides through the use of a purchasable azide
modified oligonucleotide and a strained cyclooctyfoactionalized targeting group. This would
provide a more rapid way to explore new lipophilic oligonucleotide conjugates without the ttee

adopt specialist synthesis methods.
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2.6. Experimental

2.6.1. Materials
2.6.1.1.0ligonucleotides

All oligonucleotides used in this study were obtained in cussymthesized batches from Integrated

DNA Technologies (IDT, Coralville, 1A, USA) using a sequence predievsigped as an
oligonucleotide internalization sensét?The singlestranded DNA (Cy§sDNA), was designed with a

/&p tl1roSt 2y GKS pQ SYR YR SAGKSNI LY FYAYS 2N |
0Q SYR® ¢2 aAvYdzZ I 65 | { dembn@ry antisénsewbulde) strardbizdsi dzNB =
unmodified on both ends, but contained a twmicleotide -¢ ¢ 2 GSNXKFy3a 4 GKS ¢

oligonucleotide information is summarizedTiable2.3.

Table2.3. Information on oligonucleotides obtained from IDT used throughout this work

Type { Slj dzS WD 06 p Q PQ Y2F0oQ Y2R

Cy5ssDNA DNA TCA GTT CAG GBCT CGG CTT T Cy5 Amino 8956.1
amine GGT modifier

Cy5ssDNA DNA TCA GTT CAG GAC CCT CGG CT Cy5 Azide modifier 6951.9
azide

comp-st DNA AGC CGA GGG TCC TGA ACT G/ Unmodified unmodified 6775.4
Cy5ssDNAchol DNA TCA GTT CAG GAC CCT CGG CT Cy5 Cholesterol 7357.6
SiSSB_PS RNA ACA ACA GAC UUU AAU GUA A  Unmodified Azide modifier 6388.0
siSSB_GS RNA UUA CAU UAA AGU CUG UUG Ul Unmodified Unmodified 6597.9

Of A32ydzOf S2GARSAE 6SNB &aKALIWSR a RNE LIStftSta |y
nucleasefree water (Ambion, Austin, Texas, USA) based on the specification sheets from the
manufadurer. The complementary stranddy (G KS 20 KSNJ KIyRXZ 6SNB NBO2)

nucleasefree water. Aliquots were stored loAgrm at-20°C, avoiding multiple freezbaw cycles.

2.6.1.2.Chemicals

(7a,17b)7-(9-bromononyl)estral,3,5(10jtriene-3,17-diol (95+%)(1) was obtained from Matrix
Scientific (Elgin, SC, USA). Estradiol (>98%), fulvestrant (>98%manchptopropionic acid (>99%)
were obtained from Sigmaldrich (St. Louis, MO, USA). Dibenzocyclooeaymime (>95%) (DBCO
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amine) was obtained from Merck (Kenilworth, NJ, USA). rQthemicals used in this study were

supplied by Sigmaldrich (St. Louis, MO, USA) unless noted otherwise.

Organic solvents including reagent grade dimethyl sulfoxide (DMSO), dimethyl formamide (DMF),
dimethylacetamide (DMA), toluene, and ethyl acetateQ&t) were all obtained from Sigrdddrich

(St. Louis, MO, USA) and used without further purification. Hfpade and LGS grade ethanol

(EtOH) and acetonitrile (MeCN) were obtained from J.T. Baker (Phillipsburg, NJ, USA). SYBR® Gold
Nucleic Acid Gel stawas obtained from Invitrogen (Waltham, MA, USA).

2.6.2. Synthesis

2.6.2.1.Synthesis of (9-((7R,13S,173,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17
decahydro6H-cyclopentala]phenanthrer7-yl)nonyl)thio)propanoic acid (2)

A solution of 3mercaptopropionic a8 R 6 Hoy >[ X H®PTO YY2f0 ¢l & RAAA
(DMA, 2.8 mL). A solution of the starting steroid backbone material, (7a7t@promononyl)estra
1,3,5(10)triene-3,17-diol (1) (0.9896 g, 2.07 mmol) was dissolved in DMA (5.2 mL) . The solwgoas
combined ina 100[ NRBdzyR o620G2Y Ffl &l YR blhl &édpnn >[ 3
stirred for one hour. Thin layer chromatography (25:75 EtOAc:toluene, 1% acetic acid) was used to

confirm the conversion of the starting material, with(R) = 0.40 and R2) = 0.12.

¢tKS NBIOGA2Y o6l & ySdziNIfAT SR dzaAy3a FOSGAO F OAR
product was extracted from the aqueous phase using 50:50 EtOAc:toluene (3 x 40 mL). All the organic
phase was collected and washesing water (2 x 40 mL), followed by brine (1 x 40 mL). The organic
extract was then dried using an excess of anhydrous sodium sulfai8@)aThe solvent was then
evaporated, then left overnight under vacuum. The unpurified crude product contai@jrmeas used

for the next synthesis step.

2.6.2.2.Synthesis of 3(9-((7R,13S,1793,1 7-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17
decahydro6H-cyclopenta[a]phenanthrer7-yl)nonyl)sulfinyl)propanoic acid (3, CA1776)

The intermediate(2) was dissolved in EtOAc (0] 0 ® o & K&RNR3ISY LISNREARS
FOSGAO FOAR o6THp >[0 61 a& I RRSR® ¢KS NBIOliAZ2Y oI &
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formation of the product (50:50 EtOAc:petroleum spirits + 1% AcOH), whdi@ R 0.30 and R
(CA1776F Q12.

Upon synthesis of the product, the reaction was quenched with water (50 mL). The aqueous phase
was extracted with EtOAc (4 x 50 mL). The organic phase was then washed with brine (50 mL), and
dried over an excess of anhydrous sodium sulfate$/R8. The organic phase was decanted and the
solvent was evaporated to form a viscous yellow oil. The product was left overnight under vacuum to
remove the excess solvent. The crude product was dissolved in 9:1 EtOAc:MeOH and the product was
evaporated onto silia (approximately 1 g) using a rotary evaporator. A dry flashl¢dry) column

was set up using silica (approximatelyb 4m). Fractions (40 mL) of increasing % methanol in
dichloromethane (DCM) + 0.1 M AcOH were passed through the column. The purighdfaation

was tested through TLC (10:90 MeOH:DCM + 1% AcOH). The pure fractions were selected and the
solvent was evaporated. When necessary, the sample was azeotroped with MeCN. The purified

product was left overnight under vacuum to remove the excedgent. Yield = 67%.

IH-NMR (400 MHz, DMS@6): + (ppm)8.97 (s, 1H), 7.05 (d, 1H), 6.50 (d, 1H), 6.42 (s, 1H), 3.54 (t, 1H),
2.55¢ 2.83 (m, 7H), 2.1 2.40 (m, 2H), 1.92 (s, 1H), 1.79 (d, 1H), £.1070 (m, 26H), 0.91 (s, 1H),
0.67 (s, 3H).

2.6.2.3.Synthesis of CA1898

CAl7766 pn Y3V gl & RA&Za2f SR Ay 5aC ompn >[0® wmn Sj
of HBTU (44 mg) were added to the reaction. 1.2 equivalents of dibenzocycloaetine (DBCO

amine) was then added to the reaction mixture. The reaction was stirred at room temperature
overnight to form CA1898. TLC was used to confirm the formation of the product (70:30 EtOAc:MeOH

+ 1% AcOH)sfCA1776 = 0.60 and RCA1898 = 0.10.

After 24 hours, the reaction was quenched with water (25 mL). The aqueous phase was extracted with
EtOAcC (4 x 25 mL). Brine (10 mL) was added to improve phase separation. The organic phase was
decanted and the solvent was evaporated to form a viscous yellowTbi# crude product was
dissolved in ethyl acetate:MeOH (9:1) and was evaporated onto silica. A dry fladba@yyolumn

was set up using-3 cm of silica. Fractions (2 mL) of increasing % methanol (fraB2®in 1%

increments) in dichloromethane (DCM)0.5% AcOH were passed through the column. The purity of
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each fraction was tested through TLC (5:95 MeOH:DCM + 0.5% AcOH). The pure fractions were
selected and the solvent was evaporated. When necessary, the sample was azeotroped with MeCN.

The purified poduct was left overnight under vacuum to remove the excess solvent.

A final purification step was performed using seaméparative HPLC where the flash colupurified
LINE RdzOG o+ a RAaazt @SR Ay 9iGhl FYR Aya&@QimdR Ay id?2
(Phenomenex) connected to a preparative HPLC system (Agilent). A gradient method 0@

acetonitrile in water was run over the course of 25 minutes using the methddle2.4

Table2.4. Preparative HPLC method for the purificatiorC#{.898

Time (min) % MeCN

0 30
5 30
17 100
22 100
23 30
25 end

Samples were freeze dried overnight directly from the acetonitrile/water mixture from the HPLC

purification resulting in a white, fine powder.

IH-NMR (400 MHz, DMS@6): 4 (ppm)8.96 (s, 1H), 7.91 (d, J = 34.8 Hz, 1H),§®95 (m, 2H), 7.52

¢ 7.25 (mBH), 7.04 (d, J = 8.5 Hz, 1H), 6.50 (dd, J = 8.4, 2.4 Hz, 1H), 6.41 (d, J = 2.2 Hz, 1H), 5.04 (d, J =
14.0 Hz, 1H), 4.47 (d, J = 4.8 Hz, 1H), 3.63 (d, J = 14.0 Hz, 1H), 3.53 (dd, J = 13.2, 8.3 Hz2H3), 3.26

(m, 10H), 2.47 1.06 (M,29H), 0.90 (s1H), 0.66 (s, 3H).

3GNMR (100 MHz, DMS@6):4 (ppm)'¥ baw omnam al il X 5a{h0 + MTH®PHAZ
151.88, 148.84, 136.47, 132.84, 130.12, 129.42, 128.69, 128.53, 128.19, 127.28, 127.10, 125.68,
122.93,121.91,116.24,114.77, 113.33, 10830838, 55.36, 52.19, 51.49, 46.48, 46.19, 43.43, 42.24,

38.26, 37.24, 35.49, 34.65, 33.22, 30.35, 29.78, 29.45, 29.24, 29.07, 28.57, 27.97, 27.54, 26.82, 25.54,
22.75, 22.59, 11.76.

LCMSMWexact= GgHsoN20sS: 776.42, foundM + Hf =777.4
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2.6.2.4.Synthesis ofCy5ssDNACA1898

CA1898was dissolved in ethanol at a concentration of 2 mM. CA1898 and-amdéied passenger
a0NI YR 0 mpn -freeawatirywerg da@dibined aé different molar ratios in a 1.5 mL reaction
tube. No further changes were made to the composition of thesdwent, with the reaction
proceeding in >75% ethanol v/v at room temperature overnight. Conjugation yield was measured
using the HPLC method described able2.5.

2.6.2.5.Purification of CysssDNACA1898

The oligonucleotide conjugate was purified through ethanol precipitation. Briefly, using the mixture
generated from the click conjugati in ethanol, 1/10 volume ofN8 sodium acetate was added to the
same tubeTwo to three volumes of EtOH were then addede Shmple was then incubated #€0°C
overnight. The sample was then centrifuged at 14,000 x g for 30 minutes until a pellet was visible at
the bottom of the tube. The supernatant was carefully decanted drel DNA pellet was dried by
leaving the tube open at room temperature for one hour. Alternativelygék was flowed over the

pellet until it was fully dry. It was then redissolved at the desired concentration in nuelesswater.
2.6.2.6.Synthesis of CyfisDNACA1898

A known concentration of singitranded conjugated or unmodified oligonucleotide was transferred

to a 1.5 mL reaction tube. The complementary strand was added at a 1.05x molar excess. . A volume

2F mMnE | yySEtAy3 odzF TS NadiaroohlarideygH =& .8) Rduigalent ® /8 M G S =
the total volume of the reaction was then added. The sample was then heated to 95°C for five minutes

then allowed to cool to room temperature on the benchtop. The samples were purified using a 7k

MWCO Zebadpy O2f dz¥Yy O0¢KSNXY2 {OASYGAFTFAOZT a!x !'{10 0O

Samples were stored a20°C prior to use.

2.6.3. Characterization
2.6.3.1.NMR analysis

Approximately 10 Y3 2F GKS YIFGSNRFIfT 2F AyiSNBad 4l a RA

sulfoxide (DMS@6). The sample was run using a stand&tNMR method on an Avance IIl Nanobay
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400Hz Brukerspectrometer (Billerica, MA, USA) coupled to a BACS automatic sample changer. (ns =

50). Spectrum analysis was performed using Mnova (Mestrelab).
2.6.3.2.Mass spectrometry

I LILWNREAYIF GSte& pnn >3 2F GKS &l YzifuSingarn AgileR 61808 2 f OS R
Series Single Quad LC/MS, Agilent 1200 Series HPLC (Pump: 1200 Series G1311A Quaternary pump,
Autosampler: 1200 Series G1329A Thermostated gartypler, Detector: 1200 Series G1314B Variable

Wavelength Detector)The sample was then run using a 5 minute gradient of 5% to 95% MeG®.in H
2.6.3.3.HPLC analysis for confirmation of conjugation and annealing

Analytical HPLC was performed on a Shimadzu NeXeRLC system with a fluorescence detector

installed in sequence. The optimized method for HPLC purification was identified to be as follows:
[dzy} p >YZ mMnn ) Hpn E ndc YY [/ mMyoHo O2fdzyYy otK
NH:OAc:EtOH:MeCN,nd mobile phase B:10:240:20 v/v/v 0.1M MM\c:EtOH:MeCN. The column

oven temperature was set to 40°C, and the flow rate set to 1 mL/min. All oligonucleotide samples

were diluted in water, while all unconjugated antiestrogen/steroid samples were dilutethenol.

A gradient was run over the course of 46 minutes, as detail@@lnte2.5.

Table 2.5. Analytical HPLC methodorf the verification of conjugation and annealing of
oligonucleotides

0 2
1 2
41 100
42 100
42.5 2
46 end

¢KS al YLX Sa 6&5NBHuh y ¥ ¥ RENIBOINK &8s tHe Stan&akd wavelength for
5b! I 0a2 ND |eyerk>$47/666 yirRforlthé flusrescent Cy5 probe.
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2.6.3.4.DNAPAGE

A 1-mm, 15well, 15% acrylamide gel was cast using the following components: 30% acrylamide (29:1)

(6 mL), water (3.6 mL), 5x TAE buffer (2.4 mL, diluted from a 50 x TAE stock of 0.2M trislbase, 0
RA22RAdzYy 95¢! s p Ya FOSGAO FOAROS FYY2YAdzyy LI
GSUNF YSGKEeE SGKEt SYSRAFIYAYS 6¢9a953 mn >[ 00

The gels were loaded into a Biorad gel box and submerged in 1x TAE buffer before use. The wells were
then flushed with buffer The samples were then mixed with the appropriate gel loading dye (6x gel
loading dye comprised of 0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycgdjlan ai6:1

al YLX SYR&@S NIXGA2d 1 G2GFf 2F mMH > plevdFrundt 1008/ & | Y LI
for 1.5 hours for optimal sample migration and separation of bands. The samples were imaged using

a Typhoon 5 imaging system (Amersham, Little Chalfont, UK).

Gels containinginlabeledoligonucleotides were stained in a 1x solutionS¥BR Gold in TAE buffer
(pH 7.5 8.0) and incubated in the dark for 30 minutes. Gels were then imaged in a 300 nm ultraviolet

light box.
2.6.3.5.MALDI}TOF of oligonucleotide and oligonucleotide conjugates

A mixture of saturated -Biydroxypicolinic acid (BIPA) in50% MeCN in # with 10 mg/mL
diammonium hydrogen citrate was used as the matrix for MALDI analysis. The samples were prepared

2y | INRdzy R aiSSt adlkyRFNR GFNBSG a![5L LIXFGS 2N
The plates were prespotted Wik n®p >[ 2F GKS &l Gdz2NF G§SR YIFGNRE &:
nep >[ 2F GKS 2t A32ydzO0f S20(ARS & 2dndaiixiagdyallodedion y a v

air dry prior to analysis.

The samples were run on a Bruker Ultraflextreme MALOWKF/TOF (Billerica, MA, USA). A standard
linear method for molecules 0f20 kDa was used with modified parameters (m/z: 5800953; gain:
15.1 x or 2812 V; sampling: 0.50 Gs/s, laser power: 70%). Spectrum analysis was performed using the

accompanying Biker flexAnalysis software.
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3.1. Abstract

The development 0€A1898n Chapter 2provided a promising new method for rapidly conjugating
lipophilic molecules to oligonucleotides with high yield. The cogpe click conjugation method
allowed for the modification of premade oligonucleotides without the need for compatibility with
phosphoramidite solid phase chemical techniques. Moreover, it was also one of the rare instances
where a drug molecule with both biological activity and targeting capabilities is directly conjugated to

an oligonucleotide.

SinceCA1898was designed as a deriiwze of the antiestrogen fulvestrant, we wanted to explore
whether this modification to an oligonucleotide would maintain its expected properties such as
specificity for the estrogen receptor (ER) and targeting estregeeptor rich tissues in animal
modes. Initially, CA1898vas compared with fulvestrant in estrogen receptor positive (ER+) and ER
negative (ER breast cancer cell linéss vitro. It was found thaCA1898naintained specificity towards

the ER+ cells in terms of cell groviihibition while remaining relatively inactive in terms of its effects

on gene expression. Then, it was observed that the fluorescent DNA conj@y@dsDNACA1898

also maintained its ability to inhibit cell growth the ER+ cell line. This was followed by comparing the
conjugate with unmodifiedCy5dsDNAIn mouse models wherei@y5dsDNACA189&lemonstrated
significant improvement in retention in the liver, kidneys, ovaries and uteri of female mouse models.
This biodistribution was similar to a cholesteoainjugated olignucleotide Cy5dsDNAchol) which

is known to significantly improve internalization into cells and accumulation in the liver of animal

models.

In Chapter 2 it was shown thatCA1898could also be conjugated to siRNA targeting a common
housekeeper gene,j&ren Syndrome Antigen B$Bto form siSSBCA1898 The conjugated siRNA
displayed a modest improvement in knockdown of the target gene when compared to unmodified
siSSB Formulation 0§6iSSBCA1898vith a transfection agent showed that the siRNA rerneaipotent
when conjugated tacCA1898 indicating that the limiting factor in the gene silencing of #i8SB

CA189&onstruct is likely a lack of endosomal escape.

In this chapter, we demonstrate that the conjugation of oligonucleotides to an antiestrggeniable
method of influencingbiodistribution while maintaining some of the therapeutic properties of the
small molecule drug. This work presents an opportunity to further explore other types of steroid

derivatives that may aid in the delivery and potially serve as combination therapy with siRNA.
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3.2. Introduction

The chemistry that was developed and optimizedQGhapter 2made it possible to conjugate
commerciallyavailable oligonucleotides to small, lipophilic molecules through a simple cdgeer

clik reaction. In this case, since the compound of interest was derived from the structure of the drug
fulvestrant (FASLODEX®), it was thought that the deriv@iE898and the conjugateCy5dsDNA
CA1898nay exhibit both the antiestrogenic and targeting peofies that are typically observed from

the commercial drug due to their similarities in structufégure3.1).

OH Il
OH Os_N
0. o . J O
- 2 F s NH
H HO "//MMSWF HO NN NN T
HO F

estradiol (E2) fulvestrant (FASLODEX®) CA1898

Figure3.1. A comparison of the structures of estradi®?, a commercialhavailable antiestrogen
fulvestrant (FASLODEX®), &#ll898 the antiestrogen derivative with a cyclooctyne group capable
of copperfree click coupling with azigrinctionalized oligonucleotides. The main differences
between fulvestrant and€CA1898&are highlighted in red.

The progression of certain cancers, includifgbo of breast cancers, can be at least partially attributed

to upregulated estrogen receptor (ER) activifihe ER is primarily a nuclear hormone receptor and a
transcription factor involved in the upregulation of many genes related to cell growth. Estrg&iol (

is a hormone that binds to the ER, causing the regulation of genes that contain an estrogen eespons
element (ERE) as seenRigure3.2. This is a phenomenon that is common across hormones and is
normally required for different aspects of healthylamletabolism. However, this is also a process that

is detrimental to estrogen receptor positive (ER+) cancer because of its capability to stimulate tumor
cell growth. As a result, many of the currently available drugs on the market to treat ER+ caacers ar
estrogen receptor antagonists. These are typically small molecule drugs derived from the structure of
estrogen which are designed to fit in the binding pocket of the ER, resulting in competitive binding
with E2

Fulvestrant is one of the antiestrogenssad for the treatment of ER+ breast cancers in
postmenopausal women. Typically it is used to treat tumors that lack a surface receptor called human
epidermal growth receptor 2 (HER2n addition, it has been used as part of a combination therapy

for late-stage, metastatic breast canéaand it is also favored as a secedlimk treatment to cancers
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that display resistance to a more commospisescribed antiestrogen, tamoxiferMore recent clinical
trials have also broadened the indication of the drug by demonstrating success in premenopausal
women? The mechanism of the drug action is similar to the one describ&iimre3.2 where it has

a capacity for selective grdalvinhibition towards tissues and cell types that overexpress thé ER.

antiestrogen

binding to surface ER /_\

; inhibited surface ER signaling

@ — G ER degradation
\

|
, inhibited dimerization and nuclear translocation

signaling cascade

ER dimerization

translocation, binding to ERE

upregulated
transcriptio

Estrogen-sensitive gene

Figure3.2. Liganddependent activation of the estrogen receptor (ER) by estradiol or inactivation of

the ER by an antiestrogen. The bindingg#fto the ER in the cytosol results in dimerization and
translocation of the ER into the nucleus. The ER binds to the estrogen response elements (ERE) in DNA,
promoting transcription of steroidegulated genes. Conversely, antiestrogens prevent dimerization

due to structural changes to the ER. This results in the downregulation of estsegsitive genes.
Estrogens are also capable of binding to surfbaoend ERs which facilitate a separate set of
downstream signaling processes which are also related to gemdation.

Fulvestrant was selected as a small molecule drug to conjugate to a model oligonucleotide therapeutic
for four different reasons. First, its lipophilic properties and propensity to stabilize in plasma proteins

suggest that it may assist in moving the pharmacokinetics of a conjugated oligonucleotide
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therapeutic. Based on the characterization of the conjugateChmapter 2 it was shown that
conjugation ofCA18980 the oligonucleotide increases its hydrophobicity. Although there appears to

be no explicit report on the biodistribution of fulvestrant alone, it is known to favor binding to plasma
proteins, such as the high density lipoprotein (HDL) and low density lipoprotein (LDL). Pharmacokinetic
studies have revealed that fulvestrant is norigatleared through the hepatobiliary route, while
maintaining low renal clearance with the hiifé in humans being approximately 40 d&y&his shows

that fulvestrantalone demonstrates prolonged plasma retention which is a desirable property that

may potentially exploited for the delivery of other therapeutics such as oligonucleotides.

Second, it is possible th&A1898may have targeting properties similar to those observed V&th

and fulvestrant. For instance, it has been demonstrated that exogenous estradiol introduced
intravenously accumulates in ERh tissues such as the uterus and ER+ turmdvioreover,
radiolabeledE2derivatives have been shown to be effective for the imaging of ER+ tumors as a result
of increased accumulation due to affinity of the sterdidrived radiol&els with the ER® Effective

gene silencing in tissues such as the mammary gland, heart, and liver has also been observed through
the conjugation of siRNA tagting the LaminAgene to estrone, another form of naturaltyccurring
estrogen'® Whether this accumulation and preferred retention occurs through active transport
mechanisms is not currently known, because estrogen is capable of binding to multiple lipoproteins,
including sex hormoneinding globulin (SHBGR@ can also be transported in the serum unbound in
accordance with the free hormone hypothesid? However, the evidence that biodistribution and
retention is a function of ER expression in tissues presents an opportunity for targeted delivery of

therapeutics using estrogen derivatives.

Third, antiestrogens are capable of binding to the ER resulting in competitive binding2vithis in

turn prevents the resolution of an essentid® Belical domain (H12) which closes the binding pocket,

as pictured inFigure3.3. The resolution of this hydrophobic helix is essential for the dimerization of
the ER which is a crucial step to its activation. As a result of antiestrogen binding, the receptor is unable
to recruit the cofactors necessary for dimerization, shutting down the downstream processes related

to ER activity.In many ER+ cells, this results in the inhibition of cell growth.
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fulvestrant

fulvestrant

Figure3.3 Estrogen receptor ligand binding and activation. (A) Upon the bindif® ¢hagenta) or

other estrogens to the ER, the crystal structure of helixHP2(teal) is resolved. This event exposes

a hydrophobic region of # receptor that promotes dimerization. This results in the subsequent
cascade of signals including DNA binding for transcription regulation. (B) However, upon the binding
of fulvestrant (red) to the receptoki12is unable to close the binding cavity duethe long carbon

chain protruding from the steroid backbone structure, preventing the dimerization and recruitment
of the appropriate coactivators required for ER activity. This is the general structural change by which
antiestrogens are capable of dowmy@ating ER activity. Protein structures adopted from Traboulsi et
all
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Fourth, estrogens and their derivatives have also been found to exhibit the capability to bind to plasma
membranelocalized ER tfacilitate internalization. Approximately-50% of the estrogen receptors in

a cell are expressed on the plasma membrane. It was initially proposed that these surface receptors
were involved solely in signaling where upon binding of the target ligandacugstrogen receptors

are known to stimulate signaling through G protein activation, as well as-antsstion of the
epidermal growth factor receptor in a complex cascade of protein interactibidswever, it has also

been demonstrated through redime microscopy that the intracellular uptake of fluorescently
labelled bovine serum hAumin (BSA) conjugated to estradiol was driven by the endocytosis of
membraneassociated ER. This mechanism was inhibited when theeBi&#diol conjugates were €0
administered with an antagonist. This indicates that the Efn also function as an active transport

site through which estradiol and similar ligands are internalized into the cell.

The combination of potentially improving siRNA pharmacokinetics, biodistribution and internalization
into target cells while also siplaying selective growth inhibition towards ER+ cells make the

conjugation ofCA189& promising method of delivering an oligonucleotide therapeutic such as siRNA.

3.3. Hypothesis and Aims

SinceCA1898wvas derived from the structure of the drug fulvestrgASLODEX®), this antiestrogen
derivative and its oligonucleotide conjugates may exhibit both the antiestrogenic and targeting
properties that are typically observed from the commercial drug. Therefore, this work is primarily
dedicated to assessing sometbé biological properties c€A1898nd how it affects the delivery of
fluorescentlylabelled, doublestranded DNA as a surrogate for siRNA. A beetientowards the end

of the chapteralso assesses a preliminary study using silRNAro. The primaryconstruct from the

work inChapter Zs illustrated inScheme3.1 below:
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N

Cy5-dsDNA-CA1898

Schemed.1. Structure of the antiestrogefluorescent DNA conjugat€ys-dsDNACAL898

Toprove our hypothesisthe following aims will be accomplished:

1 Determine whether CA1898 and the Cy5dsDNACAL1898 conjugate maintain any
antiestrogenic activity including cellayth inhibition and changes to gene regulation in
cell culture models.

9 Compare the differences of cell association and biodistributio®€yBdsDNACA1898
with acholesterofconjugated equivalent of the oligonucleotig€y5dsDNAchol) that is
typically described in the literature as one of the classical methods of enhancing delivery
of oligonucleotides and with naked, unmodifi€y5dsDNA

1 Assess whether targetir§SBa ubiquitous gene, with siRNA conjugateC#&1898siSSB

CA1898 improves its delivergnd knockdown in a cell culture model.

3.4. Results and Discussion

3.4.1. Inhibition of cell growth in response to estradiol and antiestrogens

If CA1898were similar in activity to fulvestrant, it should also result in the growth inhibition of cells
that are dependent on Estgnalingor their survival and proliferation. Therefore, in order to study the
cell response o£A1898two human breast cancer ¢dihes were selected as seenliable3.1. Breast
cancer cell models are typically selected based on their receptor expression which allows for the
analysis of response to different types of therapies. There are three main receptor targets dominate
the therapeutic space the estrogen receptor (ER), progesterone receptor (PR) and the epidermal
growth factor receptor 2 (HER2). The presence of each sktheceptors typically dictate the type of

treatment required for optimal targeting of the tumors.
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Table3.1. Cell lines used in this study for assessing antiestrogenic activity

Relevant
receptor Descriptiort®
expression
MCF7 ER+, PR+ Luminal human breast adenocarcinoma. Frequently used as a mode
HER2 estrogen receptoexpressing (ER+) breast cancer to assess respons
hormonal treatments.
MDA- ER, PR . arft KdzYly oNBFad | RSy20F NDAy2YI
MB-231 HER2 yS3IAtiA@Se GeLlsS 2F oNBlFad OFyOSNI s
due to the lack of targetable receptors. Typical treatment involves traditic
chemotherapy.

The MCH cell line is one of the classical options to study the response of drhireatment for
breast cancer. Conversely, MiMB8-231 cells are known to display limited response to targeted
therapeutic methods due to the lack of distinct receptor expression. Instead,-MB231 and other

triple negative cell lines are more resporssio traditional chemotherapeutic treatments.

First, the response of each cell line to estradie® (after three days was studied. As seerfFigure

3.4, the presence oE2significantly increases cell growth in MTIeells compared to the untreated
group even with a dose as low as 1 nM. This is comdisti¢h the observation of Hamelers et al. where
they found that the proliferation of MGF cells in the presence &2is dependent on the activation

of a receptor called IGF typé’lILeaving the same concentration®2for more than three days caused
overcrowding of the MGF cells resulting in the adherent cells lifting off the plate. Conversely, the
same treatment in MDAIB-231 cells appears to have no significant effect on viability across the same
range of concentrdgons. Therefore, we had demonstrated two relevant breast cancer cell lines which

clearly differed in response tB2treatment.

Subsequently, the growth inhibition of the commercialailable drug fulvestrant was tested
alongside the synthesized antiesgen,CA1898As seen ifrigure3.5, the effect of fulvestrant on ER+
MCF7 cells is consistent with previous results from the literature, where @eof fulvestrant has
been reported to be as low as 1 nf¥The results from this particular study calculate thet€be 3.7

+ 0.7 nM after seven days of incubation. It exhibits potent growth inhibition in-MCélls, with a
significant drop iroverallcell viability even at the lowest dose tested when compared to the vehicle
treated cells. Conversely, no significant change in growth inhibition was observed in tM®ERIB-

231 cells across the same concentration range.
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Figure 3.4. Viability of MCH and MDAMB-231 cells in culture in the presence of a range of
concentrations oE2after 3 days. Analysis of the significance of changes in viability was done using
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Figure3.5 Effect of fulvestrant and CA1898 on MZEnd MDAMB-231 cells in culture after 7 days.
Cell growthinhibition was determined by normalizing to a vehitteated (EtOH) population of the
same cell line. Kgvalues were calculated through the nonlineagression of cell viability % with the
dose of each treatment (standard Hill Slopel ). Gy is reported with the standard error. Error bars
represent themean = SEM, n= 6.
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In comparisonCA1898wvas less potent but still effective in the growth intibn of the MCF7 cells,

with an 1Gp of 720x 60 nM. In the MDAMB-231 cell line however, there also appeared to be no
significant change in cell viability in the range of treatment concentrations tested after seven days.
The tail end of the fulvestrant atecule has been shown to be crucial in inhibiting the dimerization of
the receptor!®?1t is likely that this loss in activity is due at least in part to the substitution of the
pentafluoro group atthe end of the carbon chain tail of fulvestrant with the DBCO functional group
which was necessary for the copgleee click coupling. This indicates tHaA189&lisplays a level of
selectivity towards MGF cells similar to that shown by fulvestrant andghows that it is likely to be

at least in part, interacting with the estrogen recepgignalingpathways as described earlierfiigure

3.2. Representativémages of cell cultures at different time points are show®ih5-SI16.

In order to observe whether there is competition of either fulvestrantC#x1898with estradiol, the

cells were treated with the antiestrogens-agmubated with 1 nM estradioFgure3.6). The growth
inhibition of fulvestrant appe® to be reduced in the MCF cells in the presence of 1 nM of the
estradiol agonist, with the Kgcalculated at 8 £ 20 nM. This represents almost a twnagnitude
decrease in potency when compared to the cells treated witHe2tThe decrease in potenoyf the
fulvestrant in the presence oE2is likely due to increased competitive binding to the estrogen
receptors, similar to the observations of Wakeling et al. where the treatment of-®&#Hls with 10

nM of fulvestrant resulted in no significant decssain cell growth when eadministered with 1 nM
E22Conversely, in thenpsence of 1 nME2 CA1898lid not exhibit any significant decrease in growth
inhibition further likely indicating doss of activity due to the structural differences between the two
molecules. However, the concentration range tested \ab® likely too low if a twemagnitude
decrease in potency is also expected similar to the cells treated with a combination of fulvestrant and
InME2> Ly GKFG OF&asSsz GNBFGAy3a O0Stfta 6AGK | LILINBEA
biologically relevantoncentration wherein issues such as solubility may start to become an issue. In
addition, CA189&lid not appear to have any effects on the growth of ERAMB-231 cells either,

with no statistically significant differences observed even at the highest df compound tested.
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Figure3.6. Competitive binding study of the antiestrog@®BCO and fulvestrant in the presence of 1

nM estradiol on Day 7. igalues were calculated through the nonlineagression of cell viability %

with the dose of each treatment (standard Hill Slopd 9). IG is reported with the standard error.

Analysis of the significance of changes in viability was done usingtw@& ! bh+! gKSNB yaz

FZ t X XoP/pMT FFFp2F 2 t XK ndnnmT FFFFZ t X ndnnnm
significant difference is labelled. Error baepresent themean £ SEM, n= 6.

Overall, the measurements of cell growth and inhibition suggest that althat@yh898does rot
exhibit the same level of potency as that of fulvestrant, it appears to have a level of selectivity towards
the ER+ cells since no significant changes were observed in theMBE2B1 cell line. This is an
indication that the compound that was synthegizmay have maintained an affinity for the estrogen

receptor, and may have the potential to exhibit other antiestrogenic properties.

3.4.2. Transcriptional activity of estrogen recepteesponsive genes

Another method to determine whether an antiestrogen is active is through the analysis of estrogen
sensitive genes. IEA1898maintained its antiestrogenic activity, then it may cause transcriptional
differences similar to those known from the treatment Wwitulvestrant. Thus, transcriptional activity
assays were designed in order to assess the antiestrogenic propert@s1&98 In particular, genes

that were clearly upregulated in the presence of estrogen, and downregulated in the presence of
fulvestrant(or vice versa) were selected and analyzed throughtiead quantitative PCR (QPCR). The
genes were handpicked based on past studies in related literature which are known to be significantly
up or downregulated in the presence B2such as presented bpseph et af® Snce the antiestrogen

derivative CA1898s based on the structure of fulvestrant, the genes that were selected were those
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that were known to display a distinct effect in the presence of fulvestrant compared to the effect

when treated with estradiolTable3.2 summarizes the genes selected for this study.

Table3.2. Summary of genes selected for transcription regulation studies. Information compiled from
the gene database at the National Center for Biotechnology Information at thé’Mitrbws indicate

the upregulation if;) or downregulation@) of the gene in MGF cells upon treatment with either
estradiol €2 or fulvestrant Ful) as reported by?.

Known MCF

Other common

Gene Function/descriptiorf? responsé®
name/s -

E2 Ful
LRP2 LDL Recepto Codes for a surface protein, most commonly found Q@ 3]
Related Protein 2 epithelial tissues, also known to be present in MCH he
Megalin extracellular domain binds lipoproteins including album
apolipoprotein B and E, and lipoprotein lipase.
ERBB2 ERBB2 receptor EGF receptor family of receptor tyrosine kinas Q@ 3]
tyrosine kinase 2, Overexpression is reported in numerous cance
HER2/neu, commonly in breast and ovarian tumors.
CD340
HSPB8 Heat shock Gene nvolved in the regulation of cell proliferatior 13) Q@
protein family B apoptosis, and carcinogenesis. Expression is known t
(small) member 8, induced by E2 in ER+ breast cancer cells.
H11

Both the MCKH and MDAMB-231 cell lines were treated with 50 nM of eithEf fulvestrant, or
CA1898 After 48 hours of treatment, the RNA was extracted from the cells and the samples were
analyzed through quantitative reéime PCR (qPCR), usiB§PDHas a reference gene. In the MCF

cell line, it was identified thatRPds an ideal candidate to asseantiestrogenic activity due to the
gene being downregulated in the presence of E2 while being upregulated in the presence of
fulvestrant. Another gene that exhibited a similar trend viZERBB2ConverselyHHSPB8vas found to

be upregulated in the presenad E2, and downregulated in the presence of fulvestrant.

On the other hand, in MDMB-231 cells, there was significant upregulatioreE6®BB# the presence
of E2 while no changes in expression were observedR®2and HSPB3OnN the other hand, when
treated with fulvestrant, none of the three genes selected for this analysis were shown to exhibit
significant changed.able3.3 summarizes the resultsf the transcriptional activity studykull results

are shown irSi14.
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Table3.3. Summary o RP2ERBBRandHSPBgene regulation in MGF and MDAMB-231 cells. The
trend from the highest dose (50 nM) of eacledtment was selected. Analysis of significance of
changes in gene expression was done throughtvay ANOVA wheresz t RpZn ©npgibn ®np T

t Ol t  XKXmmBmnmT X ndannnamE gKSNBE GKS RANBOD

upregulation (1) ordownregulation @) of the particular gene, n=3.

E2 Fulvestrant CA1898
LRP2 Q@@ MHHMHMH ns ns ns ns
ERRB2 Q@ ns ns MM ns ns
HSPBS8 HMHHMH 0] ns ns ns ns

CA1898&loes not appear to significantly affect the mRNA expression of the genes of interest in either
cell line when compared to estradiol or fulvestrant. Again, these resultsrafkect the studies on

growth inhibition whereinCA1898s at least 100x less panit than fulvestrant. This would mean that

GKS OStfta ¢2dzZ R NBIjdZANBE GNBIFGYSyld Ay G4KS NI y3S
regulation. AlthouglfCA1898&oes not appear to exhibit the same antiestrogenic effects as fulvestrant

at the concentrations tested, the fact that it does not exhibit estrogenic effects either suggests that it
may be worth pursuing this material to serve as a targeting moiety for oligonucleotide therapeutics.
CA189dlisplays cell growth inhibition specific to the4ERICF7 cells without appearing to activate

any estrogenic pathways.

3.4.3. Inhibition of cell growth from oligonucleotideCA1898 conjugate

The conjugation 0€A18980 the Cy5labelled oligonucleotideQy5ssDNAazidg and annealing of

the complementary strath (comp-st) to produce the targeted conjugat€y5dsDNACA1898was
thought to result in a loss of activity due to the large size and steric hindrance caused by the
oligonucleotide. Therefore, the cell growth inhibition of MTEells from treatment wittCy5-dsDNA
CA1898was tested. This was then compared to the treatment of the same type of cellsCybkh

dsDNAto eliminate any potential cytotoxic effects caused by the oligonucleotide.

MCF7 cells were treated with a range of concentrations of eit6gbdsDNAor CA1898sDNACy5
The fluorescentijabelled ssDNA alone does not appear to exhibit any significant differences to cell
growth as seen ifrigure3.7. However, there is a significant decrease in the growth inhibition of the

cells treated with the conjugate when compared to the unmodified control, with ggof®&50 + 150
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nM. This is comparable to thest®f CA189&lone as shown iection3.4.lindicating thatCA1898
maintains its activity even when conjugated to an oligonucleotide. This suggests that combination
therapy may be achieved as a result of the conjugationC#1898to a HLologically active

oligonucleotide such as siRNA.

120-
o e Cy5-dsDNA-CA1898
m Cy5-dsDNA

100+
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404 IC5, = 650 + 150 nM
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1 10 100 1000
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Figure3.7. Cell growth inhibition of MGF cells in the presence of eith€@y5dsDNAor the Cy5
dsDNACA1898conjugate. e values were calculated through the nonlinear regression of cell
viability % with the dose of each treatment (standard Hill Slop&.6). IGyis reported with the
standard error. Error bars are mean + SEM, n= 6.

3.4.4. Association and internalization of oliguucleotide conjugates

In order to determine whether the conjugation of the antiestrogen improves cellular association, MCF
7 cells were treated with 100 nM 0€A1898sDNACyY5 or the equivalent oligonucleotide
concentration ofCy5ssDNAfor one hour. The cells were then analyzed through flow cytometry to
observe any changes in the fluorescence intensitwas initially speculated that the conjugation of

the oligonucleotide with a lipophilic moiety such@a1898vould greatly improveellular association

such as that observed with cholesterol conjugated oligonucleotides. There appeared to be a modest
improvement in the association of th€y5ssDNACA1898when compared to nake@y5ssDNA

across the range of concentrations tested as sedfigure3.8.

To differentiate cellular association with internalization, samples similarly treated with 100 nM of the
singlestranded fluorescent DNACy5ssDNAand Cy5ssDNACA1898 were then incubated at 37°C

prior to stopping internalization by cooling the cells down to 4°C and adding a complementary strand
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containing a quenchercoémp-Q). The quencher eliminates fluorescent signal from Cy5 witluisecl

proximity when the oligonucleotide is in solution or exposed to the cell surface. Upon hybridization,

any material associated with the membrane but not internalized would be accessible to the quencher,

resulting only the internalized oligonucleotidennaining fluorescent® Data from these quenching

experiments show no significant difference in overall fluorescence between quenched and

unquenched samples, indicating that most of tmeaterial observed from flow cytometry is
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Figure 3.8. Cell association and internalization Gfy5ssDNAand Cy5ssDNACA1898.Cells were
incubated with 100 nM of the oligonucleotide for 2h at 37°@obe cooling down the cells to 4°C to
stop internalization. The cells were then treated with a 10x excess of the complementary strand with
a quencher ¢omp-Q) in order to quench all external fluorescence. Analysis of the significance of
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These studies indicate that although there appearsd@bmodest increase in the cellular uptake as a

result of modification of the oligonucleotide witlCA1898 there appears to be noespecific

internalization of theCy5dsDNAas well. It is possible that the interaction d£A1898with the

receptors is minimedue to the low concentration of surface ER and the internalization of Byth

dsDNAand Cy5dsDNACA1898s similar to the modest uptake of unlabeled siRNA through endocytic

pathways such as that described by Hollins &t alll that can be concluded from this information is
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that it appears that the modification of an oligonucleotide wiiiA1898alone does not necessarily

enhance cellular uptake in cell culture models.

3.4.5. Imaging of internalized DNA conjugates

Another effective method of assessing cellular uptake of material is through confocal microscopy
because it allows for the analysis of irdedlular distribution of the material. In this case, imaging MCF

7 cells treated with 100 nM of eitheCy5dsDNAor Cy5dsDNACA1898allowed us to determine
whether there were any qualitative differences in the subcellular localization of the material.
Moreover, it served as a way to verify the observations of cellular association and uptake from the

flow cytometry experiments as describedSection3.4.4.

It required two hours of incubation to see any detectable signal in the cells, which is well past the 15
minute early to late endosomal stage of the internalization procegsFigure3.9B, it was observed

that the oligonucleotide signal (red) fror@y5dsDNAwas concentrated inelongated, tubular
structures Figure3.90. A similar morphology was observed fraddy5dsDNACA1898as seen in
Figure3.9C This type of structurds reminiscent of the morphology of M@FmitochondriaZ® This
phenomenon of what appears to be mitochondrial accumulation of the oligonucleotide will be

explored further inChapter 5

In addition, Miller et al. showed that the degradatiof unmodified oligonucleotides such as siRNA
only occured upon trafficking to the lysosorfleSince the images appear to lack the colocalization of
the Cy5 signal witthe mEmeraldLAMP1labelled lysosomal vesiclethe oligonucleotideappear to

haveavoided the lysosomal pathway anlderefore likely remain intact.

These images do not allow us to make any inference as to whether there is any signal from the cytosol
since this may not be detectable using this method due to low conagatrs of the oligonueotide.
Instead, aimalbasedmodels may provide better information on how the lipophilic modification

affectssystematiadelivery.
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Figure3.9. Confocal images of internalized dsDNA material. Cells were treated with (A) vehicle (PBS),
(B)Cy5dsDNA or (C)Cy5dsDNACA1898 Nuclei are labelled with Hoescht 33342 (blue), lysosomes
with a transfected fluorescent LAMP1 protein (green), and Cy5 froenQNA constructs (red).
Colocalized signal between green and red channels appear y€lklis.were incubated at 37°C for 2h
prior to imaging.

3.4.6. Stability and protein association of CyisDNA conjugates

In animal models, one of the benefits to thenjugation of lipophilic molecules to oligonucleotides is
the increase in stability of the construct. Kubo et al. suggested that the protection of the ends of the
nucleic acid with a lipophilic group limited exonuclease actffity. the work of Haupenthl et al.,
serum degradation was used to study the degradation rate of siRNA. They also found that this

degradation is due to the presence of RNAse A family of enzymes present in many typeg%f sera.

In order to determine whether the modification of theligonucleotide withCA1898improved
stability, the conjugates were incubated in fetal bovine serum (FBS) over the course of 24 hours.

Samples were then run through an acrylamide gel to determine the intactness of the construct at
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different time points Figure3.10A). The total intensity of the Cy5 signal in each lane was measured
through densitometry. It was found that after four hours, the total amoohboth Cy5dsDNAand
Cy5dsDNACA1898was reduced to below 50% of the amount that was initially incubatgdufe
3.10B). This indicates that significant degradation of the oligonucleotide occurs within the first four

hours of incubation.

Moreover, there appeared to be more dissociation of the dsDNA dimer irCiftelsDNACA1898
construct as seen by the steady increasehaf Cy5ssDNA band intensity over timEigure3.100).
This indicates that the conjugation tifef A LI2 LKAt A O Y2t SOdzZA S G #rand K S

may have affectethe dimer stability.
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Figure 3.10. Degradation of Cy5dsDNA constructs in serum. (A) Polyacrylamidgel (15%)
electrophoresis ofcysdsDNAand Cy5dsDNACA1898at 0, 5, 30, 60, 240, and 1440 minutes. Gels
were imaged for Cy5 fluorescent signal. (B) Total signal in each of the lanes was quantified and
normalized to the t = 0 intensity. (C) The band correspondingytessDNAIndicating separation of

the two strards is quantified as a percentage of total signal in each lane.
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At the 24h time point, there appears to be no signal left from any of the oligonucleotides, indicating
complete degradation of the construct. This means that any free Cy5 dye left in theesampld
have run off the gel due to its small size. This test indicates that the stability of the oligonucleotide

does not seem to be significantly improved by either @&1898nodification of the DNA.

This study does not answer any questions regarditgther the constructs favor binding to any
particular plasma proteins. However, it does inform any animal studies that any time point past four
hours would likely be less relevant since most of the Cy5 signal after this time lik@li§dno longer

be conjigated to an oligonucleotide.

3.4.7. Association of DNA conjugates with plasma proteins

Another benefit of conjugating oligonucleotides such as siRNA to lipophilic molecules is the increase
association with serum proteins. For instance, conjugation of choldstercsiRNA has shown
improved association with LBland albumin®! Modification with longchain fatty acid derivatives on

the other hand can promote association with HBIThe binding to plasma proteins increases
circulation time and reduces the likelibd of degradation due to the presence of nucleases in the
blood.

In order to visualize this, plasma was isolated from the blood of mice, and incubated with the different
compounds. Upon separation of the plasma proteins through native gel electrophdiesibands
formed from the Cy5 signal could be associated with plasma protein bands stained with Coomassie
blue. The results of gel electrophoresis of mouse plasma incubated with each of the oligonucleotide
constructs inFigure3.11 show slightly different patterns of plasma protein association. The bands of
the Cy5dsDNACA189&nd Cy5dsDNAboth formed fairly weak, but distinct bands in the same spot

as the protein signal in the various plasma protein fractions indicates some form of association with
the plasma proteins. For both materials tested, however, it appears that most of the dsibiNdns

free in the plasma, as indicated by the strong bands towards the bottom of the gel. Unfortunately, it
cannot be identified conclusively through this method which proteins are binding the different

materials more favorably.
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Figure3.11. Native polyacrylamide gel electrophoresis2@% acrylamide) of mouse plasma incubated

with 100 nM of the CysisDNA constructs. The Cy5 image (A) was obtained through fluorescence
imaging using an Amersham Typhooraging system. Weak, distinct bands are indicated by arrows.
The same gel was then stained in Coomassie blue (B) to visualize the location of the most abundant
proteins.

In addition, the same materials were incubated with native human sex hormone binttibglig
(SHBG), the plasma protein that is known to bind estrogens and other sex hormones with high affinity.
Although the binding affinity of fulvestrant with SHBG is unreported, it is possible 8tatries similar
affinity to that of native estrogens since it facilitates transport of the material to ER expressing organs
including female reproductive tissuésUnfortunately, no significant binding was observed from any

of the conjugates with the SHB@Sotein (Figure3.12). Again, weak, yet distinct Cy5 bands were
observed, indicating association with a component of the protein. However, none of dippeared

to correspond to the location of SHBG in the gel.

The uncertainty behind whetheCA1898modification of an oligonucleotide would improve plasma
protein binding inex vivostudies caused us to pursue animal models to determine whe@#t898

would demonstrate any changes to biodistribution.
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Figure3.12. Native polyacrylamide gel electrophoresis of human native SHBG incubated with 100 nM
of the Cy5dsDNA constructs. The Cy5 image (A) etdained through fluorescence imaging using an
Amersham Typhoon imaging system. Weak, distinct bands are indicated by arrows. The same gel was
then stained in Coomassie blue (B) to visualize the location of SHBG.

3.4.8. Biodistribution and organ retention oDNA conjugates in female C57BL/6J mice

To evaluate the influence of th€A1898modification on the retention and biodistribution of the
oligonucleotidein vivg female C57BL6/J mice were injected with a single 1 mg/kg dose of each
material through the intavenous tail vein route. After four hours of circulation, it was identified that

there was no more detectable material in circulation as determined by no Cy5 fluorescence in the
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extracted plasma of the mice. This indicates that most of the material atpiist has either
accumulated in a particular organ, or been cleared by the body. This is also consistent with the plasma
incubation study reported iSection3.4.6. After four hours, the mice were culled and the organs were
analyzedThe fluorescent signal from Cy5 was measured in each of the excised organs using an in vivo
imaging system (IVIS) and quantified through densitometry, an example of whégen inFigure

3.13.

Liver Kidney

Ovary Uterus

Mammary fat pad

Figure 3.13. Fluorescence images of organs harvested from C57BL/6J mice four hours after
administration of the material. The livers, kidree ovaries, uteri, and mammary fat pad are pictured.
Rows indicate (A) vehicle (PBfrated animals, (BLCy5dsDNAtreatment, and (C)Cy5dsDNA
CA1898Images are pseudocolored and contrast adjusted for easier visualization.
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Upon quantification of the total fluorescence in each of the harvested organs, the values were
normalized to the total area of each organ to eliminate the variable of size. All the biodistribution data

is summarized irFigure 3.14. It was identified that the unmodified oligonucleotid€y5dsDNA
displayed an increase in the fluorescent signal above the PBS baseline in each of the organs tested,
but onlydemonstrated a significant increase in the kidneys. This is in accordance with the numerous

studies that report the rapid renal clearance of naked siRNA.
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Figure3.14. Oligonucleotide retention as measured by average Cy5 fluorescence in each organ after
4 hours. The tissues of interest were the (A) liver, (B) kidneys, (C) ovaries, (D) uteri, and E (mammary
fat pad) Data is reported as n = 6, and error bars represent.zA88lysis of differences between

JE——

groups was conducted usingaoges & ! bhzx! F2ff26SR o0& ¢dzl SeQa (S3
with p-values as follows/ a = t *px0.05; ®p<P.0L; **p<0.001; ***p<0.0001.

Interestingly, the antiestrogen conjugat€y5dsDNACA189&ignificantly increased retention in the
liver, ovaries, uteri, and mammary fat pad indicating a wider biodistribution of the material. The
targeting ofCA1898s similar to the observation of Bang et al. wherein estronajugated siRNA was

shown to accumulate in the mammary gland and li¥eFhis indicates that the steroid derivative
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conjugates are likely able to facilitate retention of the oligonucleotide in estrogen recepfmessing
tissues such as the mamnyagland, while also behaving in some ways like lipophilic modifications
which tend to retain in the liver. Moreove€y5dsDNACA189&also displayed increased retention in
the kidneys. These results suggest that ©a1898argeting moiety has a significarffect on the

retention of the oligonucleotide in particular organs.

Despite the similarities with the unmodified oligonucleotide in many ofithgtroandex vivostudies,

the unique biodistribution of theCy5dsDNACA1898construct suggests that the exists a much

more complex mechanism causing the material to selectively retain in a wider range of organs.
However, the fact that we observe a significant increase in fluorescence in the liver, kidneys, ovaries,
uteri, and mammary fat pad suggests tlla¢ conjugation of the oligonucleotide t0A1898s a viable

method of improving biodistribution.

3.4.9. Gene silencing fronsSBIRNA

In Chapter 2 it was shown that the conjugation @@A1898was also shown to work with azide
modified siRNA. As a result, we wanted to determine whether modification of sIRNACAtB98

would facilitate gene silencing of a target housekeeper gene, Sjogren Syndrome Ani&feRiB ¢ell

culture models. To thiend, MCF7 cells were then treated with 100 nM of eitheiSSBor siSSB

CA1898

The silencing of th&SByene was quantified through western blot densitometry analysis as seen in
Figure3.15A. All protein suppression data is normalized to the expression of SSB in the ¥edstdel

cells. As expected, treatment of nakeibSEaused no observable change to SSB protein expression.
At the same dose, thre appears to be a modest decrease in the expression of SSB upon treatment
with siSSBCA1898vherein relative expression of SSB is measured at Bdgever, this difference is

not statistically significant. A similar observation was made through gPCR analysis wB&BtieNA
expression was normalized ®APDHvhere mRNA expression 8SBvas calculated at 77% of the

control (Figure3.15B).
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Figure3.15. SSRexpression from treatment witgBiSSB(A) A portion of the western blot of M&Fcell

lysate after treatment withsiSSHs shown with the lanes as follows: (L) protein molecular weight

ladder (1) vehicle (PBS), @pSBand (3)siSSBCA1898 Each of the bands was normalized to the

expres Yy zZadin and each lane was calculated as a percentage of the density of the vehicle

treated sample. (B) gPCR results of MCeells treated withsiSSBor siSSBCA1898 Analysis of

significance of changes in band intensity was done usinggtwo2 ! bh+! F2ff 2SR 08 ¢
comparisons testn=1-2.

In order to identify whether this modest SSB knockdown is a result of a loss of activity from the
modified SiRNA, alls were treated with eithersiSSBor siSSBCA1898 coformulated with
Lipofectamine RNAIMAX(o) (Figue 3.16A). There is a much clearer difference with 8i8SB + lipo
formulated treatment, with a dose as low as 5 nM suppressingStBBrotein expression by 76%. An

even lower SSB protein level of 48% was detected upon treatmentsi8®BCA1898 + lipo.
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Figuie 3.16. SSExpression from treatment witBiSSEBo-formulated with lipofectamine. (A) A portion

of the western blot of MCGH cell lysate after treatment with is shown with the lanes as follows: (L)

proteln molecular welght ladder (1) vehicle (PBS)iji§2) (3)siSSB + Ilpcand (4)siSSBCA1898 + lipo

9 OK 2F (KS olyRa ¢ & vy 2athnlandiehcB Rne ivas calcéldied SsEaLINE & &
percentage of the density of the vehidieated sample. (B) qPCR results of MGtells treated with

siSSB + lipor siSSBCA1898 + lipoAnalysis of signdfance of changes in band intensity was done
usingtwog I @ ! bhz! F2ff26SR o0& ¢dzl Se Qa xVeE*PKLIN &n PF Y LI
FFZ t X ndamT FFFE =83k ndnamT FFFFZ t X ndannnmz

In the treatment of MCH cells with 5nM siSSB + lipagene expression dropped significantly to just

17% of the control. Similarly, 5 nM of the conjugai8SBCA1898 + lipalso resulted in a significant

drop in gene expression down to 13% of the contkag(ie 3.16B). This suggests that although there

may be limited gene silencing occurring as a result of the attachme@tAdiB98to the siRNA, the
activity of the siRNA itself is not compromisé@the sucessful knockdown observed from bosiSSB
CA189&nd thesiSSBCA1898 + lipdormulation & seen from both the gPCR and Western blot results

are additionalindicatiors that the oligonucleotide remains resistant to degradation throughout this
delivery process. This is because the recognition by the RISC and the subsequent pairing with the
complementary mRNA sequence requires the siRNA guide strand to remainliristbiereforelikely

that the minimal gene silencirgeen from the unformulatediSSBCA1898s due to other challenges

in delivery such as endosomal escape of the conjugatee based on the work by Miller et al., it
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should remain intact upon endocytogislt is also clear from this example why formulating with

lipofectamineremainsthe gold standard for transfection in the laboratory setting.

3.4.10.Comparison of CA1898 conjugate with a cholestecohjugated oligonucleotide

One of the more common lipophilic miditations made to oligonucleotides to improve delivery is
cholesterol*® To this end, some of the parameters tested witgsdsDNAand Cy5dsDNACA1898

were also compared with an equivalent oligonucleotide containing a cholesterol modific&tidn (
dsDNAchol). Cy5dsDNAchol significantly increased cell association, with the 100 nM treatment
resulting in a terfold increase in association when compared with b6§ydsDNAand Cy5dsDNA
CA1898 Figure3.17A). The large increase in fluorescence in cells treated WiyddsDNAchol is
expected since this type of construct is known to improve the internalization of oligonucleotides such

as siRNA.HIs in turn tends to translate to an increase in gene silencing activity.

The Cy5dsDNAchol construct was more challenging to analyze in terms of plasma protein binding
because it formed a smear in the gel indicating association with the protethe iserum. However,
unlike Cy5dsDNACA1898 there is clearer association with the lipoprotein fractiorgy(ire3.17B).

In addition,there was also a difference in the intracellular distribution of @sdsDNAchol when
compared toaCy5dsDNACA1898vherein there appeared to be a greater association with the LAMP1
labelled organelles suggesting entrapment along the lysosomal pathvigyré3.170).
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Figure 3.17. (A) Cellular association @y5dsDNAchol compared with theCy5dsDNACA1898
conjugate. (B) Native PAGE analysis of plasma incubatec®Cy#tisDNAchol. (C) Confocal imaging
of MCF7 cells in the presence €fy5dsDNAchol. Scale bar = 20m.

On the other handCy5dsDNAcholbehaved as described by groups such as Soutschek et al., Wolfrum
et al., and Osborn et al. where they demonstrated a significant increase in material retained in the
liver 203139 their case, having delivered siRNA, they also observed significaeit ¢g@me knockdown
in the organs where their material had increased retenti@y5dsDNAchol also showed no
significant differences in the retention in the ovaries, uteri, and mammary fat pad of the mice when

compared toCy5dsDNACA1898igure3.18).
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Figure3.18. Oligonucleotide retention as measured by average Cy5 fluorescence in each organ after
4 hours. The tissues of interest were the (A) liver, (B) kidneys, (C) ovaries, (D) uteri, and (E) mammary
fat pad. Data is reported as n = 5, and error bars represerd.zABalysis of differences between
ANRBdzZLIA o+ & O2 Yy R dz@estSMRh paziuksyadfollpws/diRzS yi (r@xE. 05 p<p. a1 ;
***n<0.001; ****p<0.0001.

Interestingly, these results of the biodistribution study of the cholesterol conjugateseavily in
contrast with the results of cellular association and internalization wheCgidsDNAcholdisplayed
a much greater association with the cells when compared GithdsDNACA1898This indicates that
a separate, more complex mechanism isingkplace wherein th€y5dsDNACA1898conjugate is

displaying improved biodistribution and organ retention.

129



Chapter3: Assessing the activity and distribution of antiestrogdigonucleotide conjugates

3.5. Conclusions

Both the fulvestrant derivativ€A1898nd its fluorescent oligonucleotide conjugate developed in the
previous chapter, Cy5dsDNACA1898 appear to maintain their antiestrogenic activity as
demonstrated by cell growth inhibition specific to ER+ cell linastro. Moreover, it was found that
CA189&ad no significant effects to gene expression, indicating that it did rtoteie any estrogen
related pathways that may be detrimental to overall antiestrogenic activity. AlthouglCitselsDNA
CA1898only modestly improved internalization into M@Fcells in culture unlik€y5dsDNAchol,
they behaved similarly in animal modelacreased retention ad€y5dsDNACA1898vas observed in

the liver, kidneys, ovaries, uteri, and mammary fat pads of female mouse models.

Moreover, throughin vitro gene expression studies of siRNA targeting a common housekeeper gene,
Sjogren Syndrome Aigen B §SB it was found that the antiestrogemodified conjugate siSSB
CA1898lisplayed improved knockdown of the gene when compared to the unmodii&8Bhrough

both MRNA expression and protein expression studies. More importantly, this showetiereRNA

maintained its activity despite the lipophilic targeting modification.

We have shown that the modification of an oligonucleotide with an antiestrogen may present
opportunities in the targeted delivery and increased retention of material in @gtnoreceptor

expressing organs. Moreover, we have shown that conjugation of an oligonucleotide with an
antiestrogen also maintains its antiestrogenic properties which could be exploited in dual therapy

applications.

130



Chapter3: Assessing the activity and distribution of antiestrogdigonucleotide conjugates

3.6. Experimental

3.6.1. Materials
3.6.1.1.0ligonucleotides

All DNA oligonucleotides used in this study were obtained in custmhesized batches from

Integrated DNA Technologies (IDT, Coralville, IA, USA) using a sequence previously developed as an
oligonucleotide internalization sensét*®° The singlestranded DNA (Cy§sDNA), was designed with

I/ &p tFoSt 2y GKS pQ SYyR YR SAGKSNIIY |YAYyS 2\
0KS 0Q SYyR® ¢2 aAvdzZldS I GeLAOFE &aAwb! aidNHzOG dz
unmodified on both ends, but contained a twicleotide-¢ ¢ 2 @SNKFy3 i GKS o0Q Sy

The siRNA sequence against the housekeeper gene Sjogren Syndrome AnS§BwBg obtained
from collaborators at Avidity Biosciences and is similar to the sequencésiped in several works

such as that by Christensen et‘dlagnd Stalder et &l

Table3.4. Information on oligonucleotides obtained from IDT used throughout this work

Type { Slj dzS WD 06 p Q PpQ Y2F o fod

Cy5ssDNAazide DNA TCA GTT CAG GAC CCT CGG ( Cy5 Azide 6951.9
modifier

comp-st DNA AGC CGA GGG TCC TGA ACT ( Unmodified unmodified 6775.4

compQ DNA AGC CGA GGG TCC TGA ACT ¢ Unmodified Black Hole 6723.5
Quencher® 2

Cy5ssDNAchol DNA TCA GTT CAG GAC CCT CGG ( Cy5 Cholesterol  7357.6

siSSB_PS RNA ACA ACA GAC UUU AAU GUA / Unmodified Azide 6388.0
modifier

SiSSB_GS RNA UUA CAU UAA AGU CUG UUG | Unmodified Unmodified 6597.9

ht A32ydz0ft S20ARS&a ¢SNBE &4aKALIWSR Fa RNEB LISttSia Iy
nucleasefree water (Ambion, Austin, Texas, USA) based on the specification sheets from the
manufacturer. The complementary strands on the other hand, were rétdngl dzG SR (2 cnn
nucleasefree water. Aliquots were stored loAgrm at -20°C, avoiding multiple freezbaw cycles.

Modifications to the oligonucleotides were done as describe@hapter 2
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3.6.1.2.Chemicals

Estradiol (>98%) and fulvestrant (>98%), were olgtd from SigmaAldrich (St. Louis, MO, USA). Other
chemicals used in this study were supplied by Sigdaich (St. Louis, MO, USA) unless noted

otherwise.

Organic solvents including reagent grade dimethyl sulfoxide (DMSO), dimethyl formamide (DMF),
dimethylacetamide (DMA), toluene, and ethyl acetate (EtOAc) were all obtained from-8ignizh

(St. Louis, MO, USA) and used without further purification. Hfpad® and LIS grade ethanol
(EtOH) and acetonitrile (MeCN) were obtained from J.T. Baker (Bttiligp, NJ, USA).

3.6.1.3.Cell culture

¢KS OSfft OdzZ G§dzNE YSRAIF AyOfdzZRAY3a aAyAyYdzy 9aaSyi;
Medium (DMEM) were supplied by Gibco (Invitrogen, Waltham, MA, USA). Fetal calf seruoai{FCS

no. 10437028) and TrypLE Expressaiiiation reagent (cat. no. 12604021) were also supplied by

Gibco. The MGF and MDAMB-231 cells were provided by the NanoMaterials for Biology group
(nanoMB, Monash Institute of Pharmaceutical Sciences). Cells cukiteor F25 flasks and well

plateswere obtained from Sigmaldrich (St. Louis, MO, USA). Imagingel u-Slides were obtained

from ibidi (Planegg, Germany).

3.6.2. Methods
3.6.2.1.DNAPAGE

A I-mm, 15well, 15% acrylamide gel was cast using the following components: 6 mL 30% acrylamide
(29:1), 3.6 mlwater, 2.4 mL 5x TAE buffer (diluted from a 50 x TAE stock of 0.2M tris base, 0.1M
RA&Z2RAdzy 95¢!S p Ya ! Ohl 0T wnn >[ FYY2YAdzy LI
tetramethylethylenediamine (TEMED). Alternatively, Biorad (Hercules, CA, USA) prexadt 4

Tris/Glycine gels were also used.

The gels were loaded into a Biorad gel box and submerged in 1x TAE buffer before use. The wells were
then flushed with buffer. The samples were then mixed with the appropriate gel loading dye (6x gel

loading dye comprisedf 0.25% bromophenol blue, 0.25% xylene cyanol, 30% glycergDireitla 6:1
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sample:dye ratio. 1L was loaded into each well. The sample was run at 70 V (or approximstely 1
V/cm) for two hours for optimal sample migration and separation of bandssahmles were imaged

using a Typhoon 5 imaging system (Amersham, Little Chalfont, UK).

3.6.2.2.Tissue culture conditions and maintenance

All cell lines in this work were grown as adherent lines. The-KI&#HI line was maintained in MEM
supplemented with 10% FCEhe MDAMVIB-231 cell line was maintained in DMEM supplemented with
10% FCS. All cell lines were cultured in 75tiesue culture flasks (Sigrsddrich, St. Louis, USA, cat.

no. CLS430641U), with an initial seeding density of approximately 2 million cells in a total of 10 mL of
the appropriate tissue culture media. All cell cultures were incubated in a humidifiedsi¥tcGbator

at 37°C.

Once cells reached 80% confluence (approximately everdlays), media was removed from the

flasks and the cells were washed with 5 mL of 1x PBS (Gibco, Thermofisher, Massachusetts, USA, cat.
no. 14040133). The PBS was aspiraaad the cells were dissociated from the flask using 1 mL of
TrypLE Express dissociation reagent (Gibco, Thermofisher, Massachusetts, USA, cat. no. 12604021).
The cells were incubated for 5 minutes at 37°C, 5% B®sh media was then added to the flask to
deactivate the dissociation reagent and the cells were seeded in a fresh flask with new media at a

dilution between 1:5 and 1:10.
3.6.2.3.Drug preparation for in vitro studies

Estradiol was reconstituted in 100% ethanol, while fulvestrant and the synthesizedtangen were
reconstituted in 100% DMSO. All aliquots were stored28°C, and dilutions were made in the
appropriate cell culture media as needed for experimental analysis, where the concentration of
organic solvent was kept below 0.1% of the total wodu All negative controls were treated with the

vehicle equivalent of the highest concentration tested.
3.6.2.4.Cell viability assay

Thecellswereplatedin9 St f LX FGSa |4 | RSyaAaide 2F pXnnn OSft
to adhere overnight beforany treatment. The cells were treated for 72 hours with the appropriate

concentrations of drug or vehicle at n = 4. Viability was assessed with alamarBlue (Life Technologies,
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Invitrogen, Carlsbad, CA, USA), a reductive assay that produces a fluorestadringtye presence of

fA@S OStftaz F2tt2Ay3a (GKS YIydzZFlI OGdzZNENRa AyaidN.
equivalent to 10% of the culture media was added to each well and the cells were returned to the
incubator for one hour. Fluorescence €6 Y SRAIl gl a YSI &A&dz2NBR dg=Ay 3 |
pcn Y Yem=590RIM.¥iability was measured on days 0, 3 and 7 of the treatment period with the

media being completely replaced on day 3.
The cell viability was calculated using the fluorescentmnsity (FI) values as follows:

00 & G .,Q‘"Q"O 00 | b
ANOIAYA) 655 o0 Qp TU T

Where Rlankis the fluorescence measured from a well containing media and equivalent amount of
alamarBluereagent without any cells, and ko is the fluorescence measured from the vehicle

treated samples.

Calculation of 1§ values was done through nonlinear regression analysis in GraphPad Prism v7.01
(San Diego, CA, USA). Viability values were fit tondinear regression of [Inhibitor] vs normalize
response where the curve was modeled witktandard slope (Hill Slope-£.0) with a fitting of least

squares (ordinary) fit.
3.6.2.5.Gene expression and real time quantitative polymerase chain reaction (QPCR)

Thecell populations to be analyzed for gPCR were seededwelbplates at a density of 200,000
cells/well in the appropriate complete culture media. The cells were allowed to adhere for 24 hours,
upon which the culture media was replaced with serfree media. The cells were then allowed to

incubate for another 24 hours prior to treatment with the appropriate drug or vehicle.

To prepare samples for gPCR, RNA was extracted from tissue cultures using the RNeasy Minikit
(Qiagen, Hilden, Germany, cat. no. 7410 | & LISNJ (G4KS YI ydzFl Ol dzZNBNR &
concentration from the extract was measured using a Thermofisher Napa2ld60 (Thermofisher,

MA, USA)The RNA concentration was calculated through the sample absorbance at 260 nm and 280

nm with an extirction coefficient of 40. Samples were deemed viable for further analysis if the ratio

of the absorbance atAyAzsowas between 1.8.2.

Realtime PCR (gPCR) was performed using an iTaq Universal Prob&epri€t (BidRad, Cat no.
1725141) accordingtd KS Y I ydzF I OtG dzZNBEBND&a AyadNHzOGA2yad ¢ ljaly
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CFX Connect Retime PCR Detection System (Riad). All Tagman probes used for are listefahle
3.5.

Table3.5. TagMan probes for redlme quantitative PCR

Gene ~ Fluorophore  Supplier ~Amplicon size  TagMan assay ID |
GAPDH FAM ThermoFisher Scientific 122bp Hs99999905 m1
LRP2 FAM ThermoFisher Scientific 72bp Hs00189742_m1
ERBB2 FAM ThermoFisher Scientific 60bp Hs01001580_m1
HSPBS8 FAM ThermoFisher Scientific 66bp Hs00205056_m1
SSB FAM ThermoFisher Scientific 82bp Hs04187362_g1

Data from qPCR was analyzed using the eddfta G (2 " ) fnethod to calculate changes in relative

fold gene expression where:

Y6 6 "QQEETME 60QI @i R 61 QQQUYPKD Q

(VR

YY6 V6 01 Q@O0 O @oaP L ONO@NE 01 £ &

All genes were normalized to the mRNA expression of the housekeepingafdPBHvhere the ¢
valuesof the housekeeperemained within a range of + 0.5 cyclédl data ipresented as fold change

(2" ") th relation toGAPDH
3.6.2.6.Western blot

The cell popultons to be analyzed for protein were seeded iwéll plates at a density of 200,000
cells/well in the appropriate culture media. The cells were allowed to adhere for 24 hours before the
media was replaced with fresh media treated with the appropriategdouvehicle. The samples were

incubated for another 48 hours prior to cell lysis.

At the experimental endpoint, the cells were kept on ice and washed twice wittoicePBS. Cell lysis

ga 2001 AYSR o0& | RRAY3 -4p/0.1% BDSHIsddium dedxychobate, a5rF F S NJ
mM NaCl and buffer in 25 mM T#4$Cl pH 7.6) supplemented with protease (cOmplete Protease

Inhibitor Cocktail, SigmAldrich) and phosphatase (PhosSTOP, Siglaéch) inhibitors. The cells

were scraped on ice and the lysate weensferred into an Eppendorf tube. The lysate was sonicated
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for 2 cycles of 30 seconds on/30 seconds off. The samples were then clarified through centrifugation

at 15,000 rpm for 15 minutes at 4°C. Protein quantification was performed using the DC jassain

(BioRad, Hercules, CA, USA, cat. no-80@mc 0 | & LISNJ 4KS YI ydzFl Ol dzZNBNR &
stored at-80°C.

2 SAGSNYy of2i0 Fylrfeara o1& LISNF2NYSR 2y (GKS OSftf
4x loading buffer and 1x NuPEGeducing agent and diluting using mikigD to a final volume of 15

>S[® ¢KS fealrdiSa 6SNB STia (G2 AyOdzol iS Ildasttnc/ ¥F
gradient gel (BioRad) and run at 120 V in TAE buffer for approximately one hour.

The potein was then transferred to an activated PVDF membrane. The blots were blocked for one
hour in 1x Odyssey Buffer {COR, Lincoln, USA, Cat no. P/N-22J00) before probing overnight at

4°C using diluted primary antibody. The membranes were then wastied in PBS + 1% Twe20
before probing for one hour with the secondary antibody at room temperattite blots were then

imaged using an Odyssey 9120 Infrared Imaging Systeéd©R] Lincoln, USA).
All the antibodies used are summarized below:

Table3.6. Primary antibodies used for Western Blot

Target ~Host  Supplier ~ Catalog number _dilution - MW (kDa) |
SSB Rb abcam ab154998 1/1000 46
i -actin Ms SigmaAldrich A5316 1/1000 42

Table3.7 Secondary antibodies used for Western Blot

| Target  Host | Supplier  Catalog number ~dilution ~ Wavelength (ex/em)

Ms Gt abcam ab186696 1/10000 790 (782/805)
Rb Dk abcam ab175772 1/10000 680 (679/702)

3.6.2.7.Cell association anthternalization of DNA conjugates

O
(s}

Cellswereseededin24Sft f LI FdSa G | RSyaixide 2F pnInnn
to adhere overnight in a 5% @i@cubator at 37°C. After 24 hours, the media was aspirated and the
cells were washed ith PBS. Fresh complete media containing the appropriate concentration of DNA

or conjugate was added.
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After one hour, the cells were placed on ice to inhibit internalization. The media was aspirated and

the cells were washed with igeold PBS. To liftth®@ St t &> wnn >[ 2F ¢NBLJ 9 41 &
FIAGFGSR 6@ NILAR LALISGGAY3T (2 RcbldPBS BoAt&nng 8 OSft
bovine serum albumin (BSA) was then added to each well before transferring the cell suspension into

1.5 mL microtubes. Samples were quenched by adding a 100x molar excess e asnpeeded.

Samples were kept on ice until needed for flow cytometry.

Flow cytometry was performed on a Stratedigm S1000EXi (Stratedigm, CA, USA) with 642 nm APC
laser at 20%ajn for excitation and the emission being collected between-681 nm. FCS files were
exported using CellCapture Analysis Software (Stratedigm), and analyzed using FlowJo 10.6 (Tree Star,
OR, USA). Gating was first performed by FSC (forward scatteanih8SC (side scatter) linH to gate

cells, then by FSC linH and FSC linA to identify singlets before any subsequent analysis of the Cy5

channel by MFI (mean fluorescent intensity).
3.6.2.8.Confocal imaging for internalization of conjugates

MCF7 cells expressinglEmeraldf 6 St €t SR [! atm LINRPGSAY o6mnzInnn OSft
in an 8well uSlide. After 24h of incubation, Gid@belled oligonucleotide was added to a final
concentration of 100 nM and the media was gently agitated. After another 24rzwlbation the cells

were imaged in an incubation chamber with the temperature set to 37°C. Cells were imaged with a
Leica TCS SP8 Laseanning confocal microscope witim HCX PL APO 40x (NA 1.30) oil objective.

Images were acquired at 1024x1024 with ahgile set to 1 Airy units, capturing Cy5 (ex 633 nm; em:
660-/+20 nm) and mEmerald (ex 488; em 52020 nm) and transmission channels. Image acquisition

and processing settings were kept consistent for samples and controls. Images were processed with

FUI (ImageJ, NIH, MD, USA)

3.6.2.9.Biodistribution studies in mouse models

Animal experiments were performed usingl@ week old female C57BL6/J mice acquired from the
Monash Animal Research Platform (MARP, Clayton, VIC, Australia). The mice were injected with
material equivalent to 1 mg construct/1 kg animal weight (approximately a total volume-sf 801 > [ 0
through the intravenous tail vein route while anaesthetized with98 isoflurane. The mice were then
allowed to recover for one hour before a final imagingpstehile under isoflurane. The mice were

then euthanized using G@ollowed by cervical dislocation prior to harvesting organs. All mice and

harvested organs were imaged using an IVIS imaging system (PerkinElmer, MA, USA) using the
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included filter settingdor Cy5.5 (ex = 640 nm), with an exposure time of 1s, f = 4, pixel = 1x1 with
binning factor = 4. The Cy5 distribution was then measured through the calculation of total radiant

efficiency from each organ using the included Living Image Universal so{fetenElmer, MA, USA).

All animal studies included in this work were performed following all protocols and methods approved
under Animal Ethics Research # 12945 (review reference #2204631890) at Monash University,
VIC, Australia.

3.6.2.10. Statistical analgis

For flow cytometry, the mean fluorescent intensity of cell populations was extracted using the
geometric mean as identified by the FlowJo 10.6 software. Statistical analysis was performed on
GraphPad Prism v7.01 (San Diego, CA, USA). Statistical sigabielveen groupsvas determined

by either oneway or twoway analysis of variance (ANOVA) proceeded by an appropriate multiple
comparisons postest for differences between groups of parametric data sets. Data in the graphs are
presented as the mean * stdard deviation (SD). Biological replicates of a minimum of n = 3

independent cell culture populations were analyzed for each condition.
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4.1. Abstract

Stemming from the development of a method to conjugate a lipbphdrug molecule to an
oligonucleotide through coppsdiree click chemistry i€hapter 2 we wanted to explore other classes

of lipid molecules thatould potentially provide an alternative pathway farligonucleotide delivery.
Herein, we report the synthesis of two ceramides of two different chain len@B£)BCCand C10
DBCQ which both contain a strained cyclooctyne compatible for conjugation with an -azide
functionalized DNA. The primary challengdha synthesis of this material was the activation of the
alcohol groups on the sphingolipid backbone in order to conjugate the DBCO group. This was
ultimately overcome through a ongot activation and carbamate formation with DBCO amine, with
the reactionforming a 70/30 mixture of primaryand secondarymodifications. The coppdree click
conjugation with DNA occurred under mild conditions with the structural isomer mixture of the two
products. It was found that the association of the oligonucleotidecell culture models was
significantly increased by the conjugation of tl@lGDBCO The Cy5ssDNAC1G conjugate
developed in this work presents a lipophilic oligonucleotide conjugate that may have the potential to
enhance the delivery of therapeutics $uas SiRNA. This work also reaffirms that the method to rapidly
attach a lipophilic group of interest to commerciadlyailable aziddunctionalized oligonucleotides in

the earlier chapter can be transferred to other classes of molecules.

4.2. Introduction

Thecellular uptake of free, unmodified therapeutic oligonucleotides is limited due to the instability of
the naked nucleic acid and the poor interaction between its negatively charged phosphodiester
backbone and the cell surfaéd.ypically, nucleic acid thapeutics require either formulation into a

lipid nanoparticle complebor the conjugation of a targeting ligahtb enhance transfection. Finding

the appropriate delivery vector has been one of the main challenges to the translation of short

oligonucleotide therapeutics such as siRNA and miRNA gene silémsiagies.

One of the techniques used to improve the uptake has been the direct conjugation of lipids and other
lipophilic targeting moieties. It has been demonstrated molecules such as choleStéanty acids®®
vitamins!® and hormone$' enhance the internalization and increase the efficacy of short

oligonucleotide therapeutics such as siRNA. One class of lipids that has not been thoroughly explored
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as an oligonucleotide modification is the sphingolipid. The structural backbone of sphingosine is an
18-carbon chain linear molecule with characteristic functional groups including one primary alcohol
group, one secondary alcohol group, a primary amine, and a single unsaturated site arranged as seen

in Figure4.1A.

A OH B .
HO/\‘/!\é\/\/\/v\/\/\ HO/\‘)\/\/\/\/\/\/\/\
NH, NH__Cin-nHin-1+1)
D-eryrftl::oa:;::ggzlosine \g/ . C(n})_iceramid:IO
MW: 299.499 (e ETEe T

Figure4.1. Structure and chemical formulae of-&ythro-sphingosine and a genericnceramide
where the conjugatedecondanaliphatic chaircontainsn carbons.

Sphingolipids are amphiphatic molecules which allow them to play an important role in the interaction
andsignalingwithin biological membranes. A phosphorylated metabolite of sphingosine, sphingosine
1-phosphate (S1Apteracts with its cell surface receptor SEPRThis interaction is part of several
physiological and pathological processes including the growth and survival of cancer cells. Thus, S1PR
1 has been studied as a potential target in cancer thefdp§y Despite this researchit is unclear
whether sphingosine alone is capable of interacting with the SILARowever, tle conjugation of
sphingosine to oligonucleotide therapeutics such as siRNA has previously been explored as a lipophilic

modification to improve its delivery.

A patent jointly filed by QBI Enterprises and-Badp in 2016 explored the conjugation of a spbiiid
modified with a polyalkylamine group, such as spermine or spermidine to SRy showed that
conjugating siRNA to these sphingosine derivatives increased accumulation of the therapeutic in the
liver and spleen, while also demstnating knockdown of a target gene of interest. Another patent
also proposes the synthesis of various sphingolipid derivatives through phosphoramiditplsadiel
chemistry to conjugate to short oligonucleotid®d.imited data is available on these works due to the
main literature being focused on the patent of the structure of the conjugate and not necessarily its
function or mechanism. Similar to the main challergncountered with the synthesis of lipophilic

SsiRNA conjugates, these two patents require the tailoring of the lipid structure to be compatible with
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phosphoramidite chemistry methods. This of course includes access to specialist oligonucleotide

synthesisequipment to introduce the modification onto the nucleic acid.

Besides the sphingolipid derivatives mentioned, other sphingosine derivatives have not been
extensively explored as candidates for siRNA delivery. Ceramides, for instance, are derivatives of
sphingolipids with a fatty acid chain connected to the primary amine in the sphingosine backbone via
an amide linkerKigure4.1B). These molecules are found in high concentrations in the cell membrane
serving both structural andignalingfunctions in normal and diseased tissué#loreover, as one of

the primary lipid components of skin, they provide a barrier and increase the molecular order of the
stratum corneum?8 1t is unclear whether ceramides may also interact with the S1PR. However, similar
to sphingosine, the lipophilic properties of ceramides may improve cellular association and
internalization due to enhared interaction with the cell membrane. This makes it a feasible candidate

to conjugate to oligonucleotide therapeutics to improve its therapeutic potential.

4.3. Hypothesis and Aims

A ceramide can be conjugated to an azidactionalized, presynthesized shodligonucleotide
through a coppeifree click reaction without the need fgghogphoramidite chemistry methodsThis
type of modification to an oligonucleotide will demonstrate improved cellular association when
compared to unmodified oligonucleotide&n ilustration of the target structure idlustratedin Figure

4.2.

@_5. P PS/sense

3'Ho GS/antisense ps

Figure4.2. Structure d¢ ahypothesized ceramideligonucleotide conjugate
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Toprove our hypothesisthe following aims will baccomplished:

1 Synthesize ceramides of two different secondary chain lengths (a short and medium
chain) with a strained cyclooctyne functional group substitution at the primary alcohol.

1 Characterize the synthesized ceramidBCO products to verify the logat of the DBCO
modification.

9 Conjugate the ceramides to DNA and characterize the oligonucleotide conjugate products
using methodspreviouslydeveloped inChapter 2.

1 Characterize changes in cellular association of the oligonucleotide resulting from the
modification with the ceramide including whether sphingosine receptors may be involved

in the process of association and internalization.

4.4. Results and Discussion

4.4.1. Synthesisof a ceramideDNAconjugate

An overview of the plan for theynthesis of the ceramide oligonucleotide conjugate is illustrated i
Schemed.1. This will involve three main components. First (a) is the amide coupling of the fatty acid
or other aliphatic chain carboxylic acid teedythro-sphingosine to obtain a ceramide. This would be
followed by the addition of the DBCO group to one of éfieohols on the sphingosine backbone (b).
Finally, the strained cyclooctyne will be used for a cogpee click reaction between the ceramide

and an aziddunctionalized DNA to yield the ceramigéigonucleotide conjugatéc).

i OH
OH _—
_ HOTR OH HN OWC13H27
HO Ci3Hz7 o} HOW\CmHn /ﬁ HN\”/R
—_———— —_—
NH; NH__R NN, d
D-erythro-sphingosine @ \”/ () ”
it phing amide coupling o] addition of DBCO C(n)-DBCO
of fatty acid C(n) ceramide O
/p
HN-C,
o OH

N N
EYAVA S N’
E— @/\/\ N
/
(c)
Cu-free click
of oligonucleotide

ceramide-oligonucleotide conjugate

Schemet.1. Overview ofa plan for the synthesis of a ceramiddigonucleotide conjugate
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The succeeding sections describe firecess of each step of the proposed synthetic pathwaag
some of the challenges encountered particulaxiyh step (b)to obtain a variation of the construct as

described above.

4.4.1.1.Synthesis of short (C2) and mediuatain (C10) ceramides

The first portion of the synthesia Schemed.1la involved the amide coupling ofsecondary aliphatic
chainto the sphingosine backbone in order to create a ceramidenhro-sphingosine(l) was
selected as the starting material for thpsocess because of its availability in bulk as a synthetic lipid.
The structural backbone of-Bxrythro-sphingosine is a linear chain of 18 carbons with characteristic
functional groups including one primary alcohol group, one secondary alcohol groumeaaypamine,

and a single unsaturated site arranged as seeidhemed4.2. Two aliphatic chain carboxylic acids
acetic acid and decanoic acid were chosen as the second chain of the ceramide to conform with the
traditional definitions of shortand mediumchain lipds, respectively® Blocking the primary amine

was also an essential first gtén this synthesis process because it is the most nucleophilic functional
group in(1). This prevented any overlap in reactivity with theo hydroxyl groups which will be

needed for the succeeding reaction.

The conjugation of the fatty acid wiitl) wasaccomplished through the use of typical conditions of
HBTU peptide coupling, one of the classical methods for synthetic amide bond formatioiC Buwith
C1l0were waxy substances that were easily crashed out and filtered in water due to their poor
solubilty. Excesg1) and fatty acid was then removed through repeated acidic and basic washes
respectively. Both reactions produced relatively high yield @i@hanging from 8620% and_10from
75-85%.
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N-acetoyl-D-erythro-sphingosine
(80-90%)
CH HBTU, DIPEA
P DMF
HO b 24h, RT

NH,

OH
(0]
=
D-erythro-sphingosine HO™ "CgHyg HN
M
O

decanoic acid

Cc10
N-decanoyl-D-erythro-sphingosine
(75-85%)

Schemed.2. Synthesis of two ceramidesa,shortchainC2ceramide and mediurchainC10ceramide
through HBTU peptide coupling of a fatty acid with the primary amir(&)of

Three primary changes were observed to theNMR spectrum of1) as a result of the addition of

either fatty acid. For instance, f@2 the following changes were observdedure4.3):

T LIS NI yOS 27F | LIS ppmi(assighetlo@dmidey G St & + ' ¢
f The shift of protons in positohR2 6y FASt R FTNRY | [fjpdetoR.BIHzLI SG |
ppmdue to deshieldingffects from the newhformed amide group
f The splitting of the peak from the two protons in posita® NB Y | Ydzf GALX SG |
ppmto two double doublets at 3.7fgpmand 3.96opm. The formation of geminal protons
with different chemical shifts was obssed possibly as a result of the amide and the
remaining portion of the sphingolipid backbone formingtable, annular conformation
due to intramolecular interactionsThis type of splitting is consistent with ceramide NMR

spectra reported as by Gillamet, al 2°

A very similar pattern in the peak shifts was observed in'H®&IMR analysis of10indicating that
the amide coupling occurred and the target product was fornteall spectra can be seen the

Supplementary Information§]17-SI19).
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Figure4.3. RelevanttH-NMR peak shifts of2as a result of the amide coupling of acetic aciditp
Peaks are labelled and colopded according to the annotations in the structures.

One of the challenges experienced with characterization of the ceramides was the idéntifioh

the target mass through LC/M&.commonpattern observed in the mass specinetry analysis of D
erythro-sphingosine (MWact= 299.499) was the appearance of a sodium adduct [M +N8p2.2

and the dehydrated form of the compound [tyH,O] = 2823 alongsdile the target mass peak [M +™H]

= 300.3, Figure4.4). The poor ionization of the parent molecule is characteristic of many lipids, so
having other reference peaks can be of value when verifying the molecular weight of a compound.
These adduct atterns became more relevant in succeeding synthetic steps apdhent[M + HJ

signal tended to be weaker.
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[M + H]*
OH b
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NH5
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d-erythro-sphingosine o P M+ Naj
CigH37NO; TR
MW: 299.499 l 8
- " b L - -
T T 71 T T
200 300 400 500 m/z

Figure4.4. Mass spectrometry of -@rythro-sphingosine reveals distinct signals from the {M.O]
dehydrated product, [M + Nahdduct, in addition to the target [M + H]

The LC/MS spectrum @f2(MWexac= 341.536) contained only the dehydrated product {NH20] =

306.3, whileC10(MWexact= 453.752) contained [M + H} 454.4 and the sodium addu[M + Naj =

476.4. One way to have circumvented such an issue, particularly with the lack of the appearance of
the target [M + Hj could have been through the derivatization of the lipid at the alcohol group. For
instance, the use of a compound such2atuoro-1-methylpyridinium ptoluenesulfonate (FMPTS) as
described by Quirke et al allows for an increased signal in traditional mass spectrometry detectors.
Alternatively, other methods of mass analysis such as MALDI could have been employed if an

appropriate combination of matrix and instrument settings were considered.

4.4.1.2 Protection of the hydroxyl groupsdr the targeted conjugation oDBCO

In order to furctionalize the ceramideCand C1Q with a strained cyclooctyne group for copper
free click couplings seen irschemed.1b, a strategy had to be developed to modify just one of the
two available alcohol groups to eventually achieve a 1:1 lipid:oligonucleotide labelling ratio. In the
case of bothC2and C1Q the goal was to conjugate the oligonucleotide onto the location @f th
primary alcohol in order to mimic the location of phosphorylation that occurs upon the metabolism
of sphingosine to sphingosine-phosphate (S1P¥. To enswe no mixture of both primary and
secondary alcohol conjugation, a method of selectively activating the primary alcohol for conjugation
to dibenzocyclooctyne (DBC@nine was developed usirgfl0as the startingnaterial Schemed.3).

The main challenge was dealing with two hydroxyl groups which may overlap in terms of reactivity.
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Schemed.3. Proposed reaction scheme to introdueeDBCQgroup to the ceramide in the primary
alcohol position of10Q (a) The primary alcohol €10was first protected using trityl chloride (TrCl)

to form C10Tr.(b) This was followed by the protection of the secangalcohol with a triisopropylsilyl
chloride (TIPEI) to formC10TrTIPS (c) The doubhprotected C1OTr-TIPSwas then deprotected

with TFA to obtairC10TIPS (d) The activating group;ritrophenyl chloroformate (ANPC) was then
added to produceClGTIPSNPC (e) The addition of DB&iine through the formation of a
carbamate and (f) the deprotection of the TIPS protecting group with TBAF were not observed due to
poor yields through (@l). Yields reportedare from isolated compound®otted red eaction arrows
indicate steps that were not reached due to low yield after (d).

DBCO-amine

0 OH
(e) - Q /3\‘ O/\l)\/\CWSH’H (f) - Q ﬁ o Ci3H27
e i Jy™ °

The first few reactions of this strategy involved a series of protection and deprotection steps in order
to keep the secondary alcohol unreactive. First, the primary alcefslreacted with trityl chloride
(TrC). This is a relatively bulky protecting group which is known to selectively react solely with primary
alcohols due to steric hindrance preventing any interaction with higher degree alcohols when this
reaction is perfomed under mild conditionsScheme4.3a).2® This reaction was performed under
standard reaction conditionsresulting in a yield of 26% dE10Tr after isolation through flash
chromatography. Yields from thispg of reaction reported by Dauner et al. appeared to decrease
with increasing fatty acid chain lengths, indicating that steric hindrance due to the rotation of the

second chain of the ceramide may partially be blocking the primary alébhol.
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The next step involved reacting the isolat€dOTr with triisopropyl silyl chlorideTIPSC) to form
C10TrTIPS$chemed.3b). TIPS was an appropegorotecting group due to its compatibility with the
sterically hindered secondary alcohol as well as its resistance to deprotection under acidic conditions.
This meant that deprotecting the primary alcohol with TFA wdddorthogonal andhot affect the
protected secondary alcohét.Step b was a reaction that was solely monitored through TLC since step
¢ would be performed without any purg@tion of C10Tr-TIPS Upon formation of a fastoving spot
indicative of CLOTr-TIPS the solvent was removed under high vacuum and the material was then
treated with TFA to deprotect the trityl grou¢hemed.3c). The product was isolated through flash
chromatography and the resulting yield 6LGTIPSvas 38% after two steps or the equivalent of 9%
of the C10starting material. C16TIPSwas characteded through'H-NMR with the appearance of a
fFNBS LISF {1 I ppmintidtizs/oRthel18 grotomsdithe aliphatic substituents in the silyl
ether of the TIPS protecting gropigure4.5A, S120).

Figure4.5. *H-NMR spectraf C16TIPSand C1G6TIPSNPC (A) The appearance of the TIPS peak at

= 1.08 of C10TIPSshows that the secondary alcohpiotected C10was formed as described in
Schemed.3c. (B) The activation of the primary alcohol withN®C was also successful as shown in the
spectrum of CIOIPS t / ¢ KSNXB  dppm and the folir armndaticyprotons from the-MPC

appeary 3 06 S0 6SE8Bppm. T c dp
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