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Abstract

Nucleic acids are powerful biopolymers. As therapeutics, they enable interventions
at various stages of gene expression through Watson-Crick base pairing, while as
polymers they allow programmability, stimuli responsiveness, and incorporation of
diverse functionalities. Covalent modifications with small molecules or ligands can
further expand therapeutic potential. This DPhil research aimed to develop inno-
vative strategies for targeted mRNA and protein degradation using such oligonu-
cleotide conjugates — exploring new designs to unlock biological functionality and

advance molecular medicine.

The thesis is divided into two parts. Part I focused on the development of anti-
sense oligonucleotide (ASO) conjugates for targeted sub-cellular nuclear localisation
(Chapter 2) and for establishing new mechanisms of RNA degradation (Chapters

3, 4).

In Chapter 2, ASOs were linked to (+)-JQ1, a BET bromodomain ligand that
promotes nuclear import. These conjugates enhanced splice-switching and mRNA
knockdown across diverse targets and backbone chemistries. Notably, (+)-JQ1-
Oblimersen, a late-stage clinical ASO, showed improved efficacy in an acute myeloid

leukemia model.

Chapters 3 and 4 focused on attempts to optimize ASOs for enhanced cytoplasmic

activity. Chapter 3 explored coupling ASOs to an RNase L-recruiting ligand for
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cytoplasmic mRNA degradation. This RNase L-recruitment approach for mRNA
degradation also involved the optimisation of an ASO sequence for targeting MLL-
AF4 fusion leukemias. Chapter 4 aimed at the development of LyTONs (lysosomal
trafficking antisense oligonucleotides) by conjugating ASOs to an autophagosome-
tethering compound. LyTONs were shown to achieve potent lysosome-dependent
knockdown of Menin (MEN-1) mRNA, an important leukemia target, and boost

the activity of conventional gapmers.

Together, these strategies demonstrated how chemical conjugation expands ASO
activity and mechanism, offering opportunities to target otherwise inaccessible tran-

scripts.

Part Il aimed at the development of Oligonucleotide-linked proteolysis targeted
chimeras (OligoPROTACS) for oligonucleotide-guided protein degradation. Clas-
sical PROTACSs, while powerful, suffer from off-target effects and limited control.
Chapter 5 presents OligopPROTACSs: hybridisation-assembled DNA scaffolds that
configure PROTAC warheads in space for distance-dependent degradation. Cru-
cially, this system has been engineered to contain a reversible off-switch for activity
— achieved via toehold-mediated strand displacement. This first demonstration of
programmable, controllable PROTACSs highlights the potential of nucleic acid conju-

gates to enhance the precision and safety of targeted protein degradation therapies.
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Chapter 1

Introduction

1.1 Nucleic acids structure and function

Nucleic acids, 2'-deoxyribonucleic acid (DNA), and ribonucleic acid (RNA) are fun-
damental biopolymers consisting of repeating monomeric motifs. Encoded within
their sequences and chemical structure is the molecular information that directs

and regulates all of biology.

The discovery of DNA as the hereditary material was built on decades of foun-
dational work. In 1869, Friedrich Miescher first identified a phosphorus-rich sub-

stance from cell nuclei, which he named “nuclein”%.

Early in the 20th century,
Phoebus Levene elucidated the basic chemical components of DNA, including the
sugar, phosphate, and nitrogenous bases?. In 1944, Avery, MacLeod, and McCarty
demonstrated that DNA, and not protein, was the biomolecule that carried heredity

information

. Building on this, Rosalind Franklin and Raymond Gosling’s X-ray
diffraction studies revealed the helical structure of DNA, providing crucial insight

into its molecular structure*. In 1953, James Watson and Francis Crick integrated



2 Introduction
these findings to propose the double helix model®, explaining how DNA could store
and replicate genetic information—laying the foundation for modern molecular bi-

ology.

1.1.1 Chemical structure

Nucleotides

The biological roles of DNA and RNA are rooted in their chemical structure. The

most basic unit of nucleic acids is the nucleotide?. Each nucleotide consists of three

components (Figure :

o A Nitrogenous Base: Either a purine (adenine [A], guanine [G]) or a pyrimidine

(cytosine [C], thymine [T] in DNA, uracil [U] in RNA)

o A Pentose Sugar: Deoxyribose in DNA and ribose in RNA, differing by the

absence (DNA) or presence (RNA) of a 2’-hydroxyl group

© A Phosphate Group: Links adjacent nucleotides through phosphodiester bonds
between the 3’- hydroxyl and 5’- phosphate of neighbouring sugars, creating a

sugar-phosphate backbone

The phosphodiester linkage forms the covalent backbone of nucleic acids, providing
both structural integrity and resistance to cleavage under physiological conditions®.
Beyond the backbone, the 3D conformation of nucleic acids is also heavily influenced

by the configuration of individual nucleosides. A key aspect of this configuration
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Figure 1.1: Tripartite nucleic acid structure: Nitrogenous bases [A], [T], [G], [C]
for DNA and [U] in place of [T] for RNA; pentose sugar 2’- deoxyribose for DNA
and ribose for RNA; phosphate group for nucleic acid backbone linked via covalent
phosphodiester bonds.

is the anomeric form of the glycosidic bond: natural nucleic acids overwhelmingly
favor the S-anomer over the a-anomer, due to its stereochemical compatibility with

enzymes and stable duplex formation (Figure [1.2h)75.

(a) NH, NH; (b) Ho H o
o
0 G & L
HO. NN Ho_ N7N O No N Kz HO N" N7 NH,
;OD Koj QNLrNH K °© |
O OH o o H
anti syn a-anomer -anomer

Figure 1.2: (a) Syn-, anti- configurations of the nitrogenous base relative to the
sugar; (b) o-, B-anomeric forms of the glycosidic bond between nitrogenous base
and pentose sugar.

The orientation of the nitrogenous base relative to the sugar, described as syn
or anti, plays a pivotal role in base stacking, geometry, and secondary structure

formation (Figure ) While purines can adopt both conformations, the anti

conformation is typically predominant in B-form and A-form RNA (see section on
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Tertiary Structure), positioning the base favorably for canonical hydrogen bond-
ing?1%  Conversely, syn conformations appear in specific contexts such as Z-DNA
and modified nucleosides, highlighting their structural and regulatory significance

in chromatin biology and therapeutic oligonucleotide design"2.

This tripartite structure endows nucleic acids with directionality (5" to 3') and

chemical polarity (5-phosphate and 3'-hydroxyl), which are essential for replica-

tion (DNA copying) and transcription (RNA synthesis, see [subsection 1.1.2). The

nitrogenous bases project inward, allowing for sequence-specific interactions that

form the basis of information storage and genetic regulation.

One of the most defining structural features of nucleic acid structure is base pair-
ing, governed by hydrogen bonding. Watson—Crick base pairing® refers to a three-
dimensional (3D) secondary structure assembled through specific hydrogen bond

geometries between nitrogenous bases (Figure )

o Adenine [A] pairs with Thymine [T] in DNA (or Uracil [U] in RNA) through two

hydrogen bonds.

¢ Guanine [G] pairs with Cytosine [C] via three hydrogen bonds.

These canonical pairs support the antiparallel alignment of nucleic acid strands.
The base pairings are pseudosymmetric, ie, overlay of A-T base pair on any other

base pair (T-A, G-C or C-G) show aligned phosphodiester backbones (Figure [L.3p).
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Furthermore, m —7 stacking between adjacent bases contributes significantly to the
thermodynamic stability of the DNA and RNA duplexes. Together, these features

are critical for high-fidelity base recognition during DNA replication and RNA tran-

scription (see [subsection 1.1.2)).

H H H

H ; H ¥ Me
3 QueH—N le J Me N-HupgQ
| N M N N~k 7O, N
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4 N N— N-HeweN @ S /' “Neka=N
N—{ “NewH-N R W= )N N/ NN NG N = N
RN o}—N.R N—HnG R £ N R R NeHed R
H H
AT base pair G-C base pair T-AonA'T G-ConAT

Figure 1.3: (a) Hydrogen-bonding patterns between base pairs, [A]-[T] and [G]-[C].
(b) Structures of the T - A base pair overlaid on the A - T base pair, and the G - C
base pair overlaid on the A - T base pair.

Secondary Structure

The linear nucleotide sequence (primary structure) folds into defined local geome-
tries that constitute the secondary structure of nucleic acids. These structures
arise from intramolecular or intermolecular base pairing and stacking interactions,
typically governed by Watson-Crick and non-canonical base pairs. Here, these sec-

ondary structures are discussed in the context of the biological cell.

In DNA, secondary structure is largely defined by the formation of the double
helix. In contrast, RNA exhibits a richer repertoire of structural motifs due to its
single-stranded nature and 2’-hydroxyl group of the ribose. The 2’-hydroxyl-ribose
facilitates tighter binding and more complex folding patterns™**# (Figure , as

manifested in the following.
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¢ Helices: Continuous stretches of base-paired nucleotides form double-stranded

helices, typically adopting specific geometries in RNA as opposed to DNAL2,

¢ Hairpin Loops: Short sequences that fold back on themselves to form a stem-loop
structure, stabilized by internal base pairing within the stem and unpaired bases

in the loop™®.

¢ Bulges and Internal Loops: Mismatched or unpaired nucleotides interrupting

helices introduce local flexibility and recognition sites for proteins or ligands™”.

¢ Pseudoknots: Higher-order motifs in which nucleotides in a loop base-pair with
a complementary region outside the loop, contributing to structural stability and

catalytic activity in functional RNAg1618,

These secondary structures serve

" . . oA @G
ritical intermedi -
as critica termediates be N U OC
hairpin loop
3 <+—bulge
tween the nucleotide sequence -

stem

and complex tertiary folds. multiloop &

They play key roles in molec- Stem[

ular recognition, catalysis, and “— pseudoknot
the regulation of biological pro-

Figure 1.4: Various secondary structures formed
cesses such as translation, RNA in RNA via Watson-Crick base pairing. Figure
adapted from “bpRNA: large-scale automated an-
notation and analysis of RNA secondary struc-
ture” by Danaee et. al, under CC BY-SA 2.0.

splicing, and degradation*™14,
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Tertiary Structure

The specificity of Watson—Crick pairing forms the double-stranded B-form DNA
structure, its most physiologically predominant form, and also allows for the the
formation of short duplexes in RNA. However, DNA can adopt alternate secondary
structures depending on sequence composition, hydration state, and superhelical

stress®?. These forms expand the functional and structural versatility of the genome

(Figure [1.5)).

o B-form: The canonical right-handed helix, with ~10.5 base pairs (bp) per turn—
wide major and narrow minor grooves. B-DNA is the preferred conformation of
DNA under physiological conditions; it is stabilised by regular Watson—Crick base
pairing, strong 7w —7 stacking interactions, electrostatic shielding of the phosphate

5 This geometry

backbone by cations, and extensive hydration of the grooves
supports compact chromatin organization while allowing dynamic access for gene

regulation, including transcription initiation, replication, and repair.

o A-form: A right-handed helix that is more compact and dehydrated than the
B-form, typically seen in RNA-DNA hybrids or double-stranded RNA. The A-
form has ~11 bp per turn and a deep, narrow major groove with a shallow minor

groove?’,

¢ Z-form: In contrast to the right-handed helices, the Z-form is a left-handed helical

form, favored by alternating purine-pyrimidine (especially GC-rich) sequences®!
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under high salt concentrations or negative supercoiling. Its distinctive zigzag

sugar-phosphate backbone distinguishes it from the smoother helices of the B-

and A-form. Z-form transiently forms behind RNA polymerase, and may act

as a regulatory element that supports transcriptional bursting for optimizing

promoter-protein turnover22,

The structural repertoire of nucleic acids extends beyond this. Nucleic acids of-

ten utilize non-Watson—Crick base pairing to form a rich array of higher-order

structures—observed particularly in RNA but also in certain specialized DNA con-

texts. These interactions play pivotal roles in biological recognition, catalysis, and

regulation.
A-RNA B-DNA Z-DNA
(PDB: 1SDR) (PDB: 1BNA) (PDB: 40CB)

Figure 1.5: A-, B- and Z-forms of nucleic
acid tertiary structure. Figure adapted
from “Symmetry in Nucleic-Acid Double
Helices” by Heinamenn et. al., under CC
BY license.

Hoogsteen base pairing is a major al-
ternative to the Watson—Crick scheme,
named after Karst Hoogsteen, first de-
scribed in 1959. In Hoogsteen geometry,
the purine adopts a syn-conformation,
allowing the hydrogen bond formation
in an alternate geometry?. Hoogsteen
interactions can coexist with canonical
base pairs or substitute for them tran-
siently, introducing conformational flex-
ibility into duplex DNA24 Hoogsteen

interactions have also been observed in
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protein-bound DNA and damaged DNAZ5.

Hoogsteen hydrogen bonding also underpins the formation of non-canonical higher-

order DNA/RNA structures, such as:

o Triplex structures, where a third strand binds in the major groove of a duplex
via Hoogsteen or reverse Hoogsteen pairing. These interactions form base triads
such as Te A-T and C* e« G-C, the latter requiring protonated cytosine under
mildly acidic conditions?®. Triplex DNA has been studied in the context of gene

regulation, targeted gene inhibition, and antisense therapeutics?” (Figure [1.6)).
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Figure 1.6: Triplex DNA formation and Hoogsteen base pairing. (a) Hydrogen-
bonding patterns resulting in triplex DNA formation. Red represents Watson-Crick
base pairing, green represents the Hoogsteen base pair. Figure adapted from “Struc-
tures and stability of simple DNA repeats from bacteria” by Brazda et. al, under
CC BY license; (b) X-ray crystal structure of triplex DNA, PDB: 1WBG.

o G-quadruplexes (G4s) are formed by planar arrays of four guanine (G) bases in-
teracting via Hoogsteen hydrogen bonds, stabilized by monovalent cations (K™ >

Na® > Li+). Found in telomeres, oncogene promoters2? (e.g., MYC, KRAS),
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and untranslated regions (UTRs), G4s play key roles in transcriptional regula-
tion, replication, and translation, and are being actively explored as therapeutic
targets?. Their stability is highly sequence- and context-dependent, influenced

by loop length, number of G-runs, and flanking sequences (Figure .

(a) (b)

M*: K* > Na* > Li*

Figure 1.7: G-quadruplexes. (a) Guanine tetrad stabilized by Hoogsteen base-
pairing and by cation (M+), preference for monovalent cations in the order of
(Kt > Na® > Li"). b) X-ray crystal structure of G4 from a human telomere
sequence, PDB: 1KF1. Figure adapted from “The regulation and functions of DNA
and RNA G-quadruplezes” by Varshney et. al, reproduced with permission from
Springer Nature.

In sum, DNA secondary structure extends far beyond the classic double helix. The
interplay between Watson—Crick and Hoogsteen base pairing, along with the for-

mation of triplexes and quadruplexes, reveals a rich conformational landscape that

underlies the dynamic and functional versatility of nucleic acids.

1.1.2 Biological function

At the most fundamental molecular level, DNA is a linear sequence of nucleotides

that comprises the genome. DNA serves not only as the long-term genetic storage
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material but also as a highly organized regulatory landscape. It is the nucleotide
sequence® and 3D architecture®? that determines the functional output of genomes,
guiding the synthesis of RNA and proteins, and directing the regulation of cellular

processes.

Within the eukaryotic nucleus, genomic DNA is packaged into discrete, thread-

like structures known as chromosomes=2.

Each chromosome consists of a single,
continuous DNA molecule compacted by histones and other architectural proteins
into higher-order chromatin (referred to as the quaternary structure of DNA). Chro-
matin is densely decorated with core histones, architectural proteins, and chromatin
remodeling complexes. The fundamental unit of chromatin is the nucleosome, con-

sisting of ~147 base pairs of DNA wrapped around a histone octamer composed of

two each of H2A, H2B, H3, and H4 (Figure [L.8).

These histone proteins act as scaffolds for the regulation of chromatin accessibility
and influence the binding of transcription factors, chromatin remodelers, and struc-

tural proteins®4.

The N-terminal tails of histones undergo several chemical mod-
ifications such as methylation, acetylation, phosphorylation, and ubiquitination.
These chemical marks play crucial roles in defining chromatin states: for exam-
ple, H3K27ac and H3K4me3 are associated with active enhancers and promoters,

respectively, whereas H3K9me3 and H3K27me3 mark transcriptionally repressed

heterochromatin.
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Chromatin fibers are also subject to active remodeling by ATP-dependent complexes
and are constantly shaped by interactions with chromatin-binding proteins®3¢,
Among these, two of the most prominent are the chromosome cohesion factor co-
hesin and the CCCTC-binding factor (CTCF)—a sequence-specific DNA-binding
protein initially identified at insulator elements®”. Together, cohesin and CTCF
play a central role in organizing the genome into topologically associating domains
(TADs) and chromatin loops by mediating long-range DNA-DNA interactions®.
These loops formed by CTCF binding sites are enriched at TAD boundaries. The
deletion or inversion of these sites leads to the disruption of TAD structure and

dysfunctional gene regulation®2404L,

Building upon this modular chromatin architecture, the spatial organization of the
genome within the nucleus follows a highly ordered and dynamic architecture that
plays a fundamental role in regulating genome function. Early structural studies re-
vealed that transcriptionally active “euchromatin” and repressed “heterochromatin”
are segregated into distinct nuclear compartments, demonstrating the presence of

4243 Tn addition to this compart-

functional zoning within the eukaryotic nucleus
mentalization, the genome is further organized into TADs and chromatin loops,
and genes are often positioned in preferential locations relative to the nuclear pe-
riphery or nuclear speckles*#3”. The nucleus itself is also partitioned into discrete

sub-nuclear bodies, including the nucleolus, Cajal bodies, and splicing speckles,

which serve as hubs for specific molecular processes—composed of both proteins
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and RNAs distributed in a non-random fashion45%46.

Chromosomes

Chromatin loops

(kb/Mb) Chromatin

Nuclear
envelope

Architectural
proteins

Chromatin
domains / TADs

Nuclear body

Core histones

Figure 1.8: Genomes are organized at multiple levels. DNA is wrapped around
the nucleosome, which is comprised of an octamer of core-histones, forming the
chromatin fiber which folds into loops, often allowing upstream gene regulatory
elements (yellow), such as enhancers, to come into the proximity of gene promot-
ers (gold/blue) to control transcription (black arrow). This fiber then folds into
TAD chromatin domains, which create chromatin compartments through associa-
tion. The DNA of each chromosome occupies a specific volume, or chromosomal
territory (multi-colored), within the cell nucleus. This results in non-random pat-
terns of chromosome and genes. Figure adapted from “The Self-Organizing Genome:
Principles of Genome Architecture and Function” by Misteli et. al, reproduced with
permission from FElsevier.

Although these defined architectural patterns suggest a high degree of order, re-
cent single-cell and live-cell imaging approaches have revealed substantial hetero-
geneity and variability in genome organization. For example, the two alleles of a
given gene may occupy distinct spatial positions or exhibit different transcriptional
states within the same nucleus. Similarly, many chromatin interactions detected in

population-based assays occur with low frequency at the single cell level, and the
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number and morphology of nuclear bodies fluctuate between individual cells474849,

This coexistence of order and variability suggests that genome organization is gov-
erned by self-organizing principles, where emergent properties arise from the collec-

tive behaviour of chromatin, regulatory proteins, and the nuclear environment32.

Amidst this intricately regulated and dynamic chromatin landscape, genetic in-
formation encoded in DNA is interpreted and executed in biology through two
fundamental processes: transcription and translation. These processes constitute
the central dogma of molecular biology®, converting the genetic code into active
molecular processes. Together, transcription and translation drive gene expression,
governing the synthesis of RNA and proteins—regulating every aspect of cellular

development, differentiation, and physiological homeostasis.

Transcription

Transcription is the process by which genetic information encoded in DNA is copied
into RNA. Transcription begins when the enzyme RNA polymerase binds to a pro-
moter region upstream of a gene. In eukaryotes, this process is primarily mediated
by RNA polymerase II, which transcribes all protein-coding genes and many non-
coding RNAs®". The promoter contains core motifs such as the TATA box, initiator
(Inr), and BRE (TFIIB recognition element), which facilitate the recruitment of the
pre-initiation complex (PIC). While the TATA box is a well-characterized promoter

element, many promoters are instead associated with GC-rich regions or other mo-



1.1 Nucleic acids structure and function 15

tifs, and the structural organization of these alternative promoter types remains

less clearly defined®.

a PIC assembly and Pol Il
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Figure 1.9: Functional mechanism of Transcription, part I.(a) PIC assembly and
Pol II recruitment: Transcription begins with assembly of the PIC, including Pol
IT and GTFs. Enhancers aid this by recruiting transcription factors (TFs) and
cofactors (COFs) that interact with GTFs or Pol II.; (b) Initiation and promoter
escape: Pol Il initiates transcription after DNA duplex melting at the transcription
start site. TFIIH phosphorylates Pol II’s CTD (Ser5/Ser7) to enable escape from
the promoter. Enhancers facilitate this via recruiting COFs like Mediator and
p300. Figure adapted from “Eukaryotic core promoters and the functional basis of
transcription initiation” by Haberle et. al, reproduced with permission from Springer
Nature.

Assembly of the PIC requires several general transcription factors (GTFs)—including
TFIID, TFITA, TFIIB, TFIIF, TFIIE, and TFIIH—which help position RNA poly-
merase II correctly, and unwind the DNA double helix to expose the template
strand. Once correctly positioned, RNA polymerase initiates transcription by syn-

thesizing a short RNA primer and escaping the promoter (Figure )

After initiation, RNA polymerase II often pauses within 20-60 nucleotides (nts)
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downstream of the transcription start site. This promoter-proximal pausing is
regulated by Negative Elongation Factor (NELF) and DRB Sensitivity-Inducing
Factor (DSIF) (Figure [1.9h). Release from pausing is driven by Positive Tran-
scription Elongation Factor b (P-TEFb), which phosphorylates RNA polymerase
and associated pausing factors, enabling the transition into productive elongation

(Figure )52,

¢ Pol Il promoter-proximal pausing
and pause-release

Pause
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d Regulation of transcription bursting
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Figure 1.10: Functional mechanism of Transcription, part II. (¢) Promoter-proximal
pausing and release: Pol II pauses after early elongation, stabilized by DSIF and
NELF. CDK9 (P-TEFb) phosphorylates these factors and Ser2 of Pol I CTD, en-
abling pause release. Enhancers promote this by recruiting CDK9, BRD4, or p300.;
(d) Transcription bursting: Transcription occurs in bursts. Core promoters control
burst size, while enhancers increase burst frequency. + denotes target activation
and — denotes target inhibition. Figure adapted from “Fukaryotic core promoters
and the functional basis of transcription initiation” by Haberle et. al, reproduced
with permission from Springer Nature.

During elongation, RNA polymerase traverses the gene body, synthesizing a com-

plementary RNA strand from the DNA template. The elongation complex includes
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elongation factors that stabilize the RNA-DNA hybrid, maintain polymerase pro-
cessivity, and coordinate with chromatin remodelers and histone-modifying enzymes

to manage nucleosome barriers.

Transcriptional activity is tightly linked to the chromatin environment. Histone
modifications, such as H3K4me3 at active promoters or H3K27ac at enhancers,
serve as epigenetic marks that recruit or repel transcriptional machinery. Chromatin
remodelers (for example, SWI/SNF) slide or evict nucleosomes to expose regulatory
elements, while DNA methylation and repressive marks (for example, H3K9me3,

H3K27me3) help silence transcription (Figure [1.10[)34.

In addition, 3D genome architecture facilitates enhancer-promoter communication.
Distant regulatory elements are brought into close spatial proximity with their
target genes through chromatin looping, mediated by CTCF, cohesin, and other
architectural proteins®®. This spatial organization enables precise control of tran-
scriptional responses to developmental cues, signaling pathways, and environmen-
tal stimuli. Once transcription is initiated within this three-dimensional regulatory
landscape, the nascent RNA transcript undergoes co-transcriptional processing.

As transcription proceeds, the nascent RNA undergoes co-transcriptional processing

to be converted into “mature mRNA” (Figure [1.11)):

o 5 Capping: Addition of a 7-methylguanosine cap, (m’G) that protects the tran-

script and facilitates nuclear export and translation.
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¢ Splicing: Removal of introns and joining of exons by the spliceosome—this process

enables multiple transcripts from a single gene.

¢ 3’ End Formation: Cleavage followed by poly-adenylation (poly(A)) tail addition,

enhancing mRNA stability and enabling translation.

o RNA Editing and other related modifications: Includes A-to-I editing and N6-

methyladenosine (m6A) modification™.

Transcription

DNA
Pol Il
Pre-mRNA
3’ cleavage and Nucleui,’,
5’ capping polyadenylation /
g PABPN
. Capping+ @— Aq, @
. _enzyme 44AAAPM'74AAP~WP
\Spliceosoméle = Cytoplasm

Nuclear export

mRNA PABPC
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Figure 1.11: In the nucleus, pre-mRNAs are transcribed by RNA Pol IT and undergo
5’ capping with (m7G), splicing, and 3’ cleavage with poly(A) tail addition. The
nuclear poly(A)-binding protein (PABPN) regulates this process. In the cytoplasm,
PABPC promotes translation and stability. Deadenylation leads to PABPC release
and mRNA decay. Figure adapted from “Roles of mRNA poly(A) tails in regulation
of eukaryotic gene expression” by Passmore et al. Reproduced with permission from
Springer Nature
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Translation

Translation is the process of decoding mRNA into a polypeptide chain, carried out
by ribosomes. In eukaryotes, the ribosome consists of a 40S small subunit and a
60S large subunit. The subunits consist of rRNAs that form the structural and
catalytic core, together with associated proteins that stabilize the complex and
facilitate interactions with translation factors®®. Translation occurs in three stages:

initiation, elongation, and termination®®.

Translation initiation begins with the assembly of the pre-initiation complex, includ-
ing elFs (for example, elongation initiation factors such as elF1, eIF2-GTP-tRNAi
Met oIF3, eIFAF complex) and the 40S ribosomal subunit (Figure [1.12h). The 5’

cap structure is recognized by elF4E, guiding the complex to the mRNA.

The ribosome scans the mRNA to find the start codon (AUG) within a Kozak
consensus sequence. Once found, the 60S subunit joins to form the functional 80S

ribosome and translational elongation begins. This cycle repeats for every codon.

During the process of elongation (Figure [1.12h, b):
o Aminoacyl-transfer RNA (aa-tRNA) enters the A site.
¢ Peptide bond formation occurs in the P site.

¢ Ribosome translocates, moving tRNAs to P and E sites.
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Termination occurs when a stop codon (UAA, UAG, UGA) enters the A site. Elon-
gation release factors (eRF1, eRF3) mediate polypeptide release and disassembly
of the ribosomal complex®” (Figure [L.12h). Translation is tightly regulated by the

following factors/processes:

o UTRs (untranslated regions) and RNA structure: Elements such as uORFs (up-
stream open reading frames) and IRESs (internal ribosome entry sites) regulate

initiation efficiency.

¢ microRNAs: Inhibit translation or degrade mRNAs via RISC (RNA-induced

silencing complex)®.

o RBPs (RNA-binding proteins): Modulate localization, stability, and translation

rates.

o Cell signaling: mTOR and elF2a phosphorylation regulate global translation in

response to stress™?.

Transcription and translation are functionally integrated processes. Transcription
determines which mRNAs are produced. Post-transcriptional regulation results
in the filtering and processing of functional transcripts. Translation controls the
production of functional proteins. Moreover, feedback loops exist for the regulation
of RNA transcription by translation products. For example, the translation of
iron-storage proteins such as ferritin feeds back to regulate intracellular iron levels,

which in turn modulate the activity of iron regulatory proteins (IRPs). These IRPs
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Figure 1.12: Functional mechanism of Translation. (a) Translation begins with
initiation, where eukaryotic initiation factors (elFs), Met-tRNAi Mt ribosomal
subunits, and mRNA assemble at the AUG start codon. During elongation, eu-
karyotic elongation factors (eEFs) and aa-tRNAs synthesize the peptide chain until
a stop codon is reached. Termination then occurs via eukaryotic release factors
(eRFs), releasing the peptide. Finally, ribosome recycling is mediated by ABCEL.
(b) In elongation, the amino group of the A-site aa-tRNA attacks the ester bond of
the P-site peptidyl-tRNA, transferring the growing peptide. Figure adapted from
“Roadblocks and resolutions in eukaryotic translation” by Schuller et. al, reproduced
with permission from Springer Nature.

bind to iron-responsive elements in target mRNAs to control their stability and
translation%"

Following translation, proteins undergo additional regulatory steps:

o Post-translational modifications (PTMs): Chemical modifications such as phos-
phorylation, acetylation, ubiquitination modify functional activity and cellular

interactions®t.

¢ Chaperone-mediated folding: Ensures that newly synthesized proteins attain

their correct 3D conformation, preventing misfolding and aggregation.
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¢ Protein degradation: Proteasome and autophagy pathways clear misfolded or

short-lived proteins®2.

Thus, together transcription and translation constitute the primary axis of gene
expression—enabling cells to respond dynamically to developmental and environ-
mental stimuli. Understanding these processes in molecular detail provides insight

into cell identity, physiology, and mechanisms of disease.

Building on this foundational knowledge, recent advances have harnessed the prin-
ciples of gene expression to develop nucleic acid—based therapeutics—a rapidly ex-
panding class of therapies that target or manipulate RNA and DNA to modulate

gene function with precision.

1.2 Nucleic Acid therapeutics

Nucleic acid therapeutics are a class of drugs comprising primarily of DNA or RNA
as the therapeutically active agent. Nucleic acid-based drugs have emerged as a
powerful class of therapeutics due to their sequence-specific targeting capability. To
date, a total of 24 nucleic acid drugs have been approved by the FDA /EMA%%, These
include messenger RNA (mRNA) and CRISPR-Cas-based therapeutics, and short
oligonucleotides such as short-interfering RNA (siRNAs), antisense oligonucleotides

(ASOs), aptamers, and CpG deoxynucleotides.
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1.2.1 Mechanism of action and therapeutic potential

ASOs are single-stranded oligonucleotides that modulate with RNA processing via
multiple mechanisms®. Enzyme-active ASOs form DNA-RNA duplexes that are
recognized and cleaved by RNase H, leading to reduction of the target transcript®
(Figure ) Variants designed with Ago2-activating chemistries function analo-
gously to single-stranded siRNAs®. Splice-switching ASOs, which do not activate
RNase H, modulate exon inclusion or exclusion, stabilizing transcripts, or inhibit-
ing nonsense-mediated decay®” (Figure [1.13p). These diverse mechanisms permit

ASOs to modulate gene expression beyond canonical degradation.

siRNAs are short, double-stranded RNA molecules that initiate gene silencing
through the RNA interference (RNAi) pathway®. Endogenously or synthetically
derived siRNAs are incorporated into the RNA-induced silencing complex (RISC),
where Dicer, TRBP, and Ago2 are key effectors. The antisense strand guides RISC
to complementary mRNA targets, where Ago2 executes site-specific cleavage—the
rate-limiting catalytic step of RNAi%. Therapeutic siRNAs are designed to exploit

this pathway for targeted mRNA knockdown (Figure [1.13k).

siRNAs and ASOs share mechanistic similarities—their mechanism of action can be
divided into three stages: pre-hybridization, hybridization, and post-hybridization®%.
Pre-hybridization includes processes such as cellular uptake, subcellular traffick-

ing, and localization—key determinants of intracellular bioavailability. The hy-
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bridization phase refers to the base-pairing interaction between the therapeutic
oligonucleotide and its RNA target, influenced by factors such as RNA secondary
structure, sequence accessibility, and target RNA /nucleic acid drug half-life. Post-
hybridization effects refers to the pharmacological effects exerted either via catalytic

degradation or through steric blocking 4.
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Figure 1.13: Mechanisms of action for antisense oligonucleotides and short inter-
fering RNAs. (a) Gapmer ASOs, with a central DNA gap and RNA-like wings,
bind mRNA to form RNA-DNA duplexes, triggering RNase H-mediated degra-
dation.; (b) Steric block ASOs modulate gene expression by inducing exon skip-
ping/inclusion or blocking translation by masking the start codon. (c¢) siRNAs load
into RISC, where the antisense strand guides target mRNA binding, leading to
translational repression.; Figure adapted from “Nucleic acid drugs: recent progress
and future perspectives” by Sun et. al, under CC BY-SA 4.0..

Aptamers are 2D- (two-dimensional) or 3D-structured single-stranded nucleic acids



1.2 Nucleic Acid therapeutics 25

selected for high-affinity binding to specific protein or small-molecule targets through
processes such as SELEX™. They mimic antibodies in function but offer advantages

in synthesis, stability, and cellular permeability2.

CpG oligonucleotides are synthetic DNA sequences rich in unmethylated CpG
motifs, which mimic bacterial DNA and stimulate innate immunity. These se-
quences activate Toll-like receptor 9 (TLR9), triggering cytokine release and den-
dritic cell activation™. Therapeutically, they are employed as vaccine adjuvants or

immunomodulators in infectious and neoplastic diseases.

1.2.2 Chemical modifications of nucleic acids

DNA and RNA are not seemingly ideal drug candidates: they are large, negatively
charged molecules, they cannot easily cross lipid bilayers, are rapidly degraded by
endogenous nucleases, and can elicit potent immune responses. Over the past sev-
eral decades, extensive chemical modifications have been developed to overcome
these limitations to allow clinical translation—improving their pharmacokinetics,
tissue distribution, and biological stability. These modifications fall into three pri-

mary categories: backbone, sugar, and base modifications.

Backbone alterations were among the first successful strategies for enhancing nucleic
acid stability (Figure [1.14)). The goal has been to increase nuclease resistance,

prolong circulation time, and improve cellular uptake®®. Key examples include:
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Charged Backbone Analogues:

o Phosphorothioate (PS) Linkages: In this modification, a non-bridging oxygen in
the phosphate group is replaced by a sulfur atom. This substitution enhances
resistance to nuclease degradation and increases binding to serum proteins™,
resulting in an extended plasma half-life of approximately 2-3 days. PS linkages
were first used in Vitravene (fomivirsen), the inaugural FDA-approved antisense
oligonucleotide drug™. However, the strong protein interactions also contribute

to toxicity and off-target effects.
Uncharged Backbone Analogues:

¢ Methylphosphonates: These analogues feature a methyl group replacing one of
the non-bridging oxygens, yielding a neutral backbone™. This provides nuclease

resistance and a charge-free profile, but results in poor aqueous solubility.

© Morpholinos (PMOs): The sugar-phosphate backbone is replaced with morpho-
line rings connected via phosphorodiamidate linkages. PMOs are completely re-
sistant to nucleases and primarily used for splice modulation. They form the basis
of several approved DMD therapies such as Eteplirsen, Golodirsen, Viltolarsen,

and Casimersen 7078798081

¢ Thiomorpholino Oligonucleotides (TMOs): TMOs combine morpholino sugars
with phosphorothioate linkages to improve delivery and pharmacological proper-
ties®. Though promising in preclinical studies, their long-term safety remains to

be fully evaluated®2.
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o Peptide Nucleic Acids (PNAs): In PNAs, the sugar-phosphate backbone is re-
placed with N-(2-aminoethyl)-glycine units. This provides exceptional stability

83

and resistance to enzymatic degradation®>. However, PNAs suffer from limited

cellular uptake and poor bioavailability.
Conformationally Constrained Backbones:

¢ Locked Nucleic Acids (LNAs): LNAs incorporate a 2'-4"-linked methylene bridge
that locks the sugar into a C3’-endo conformation. This rigidity enhances duplex
thermal stability allowing for tighter RNA binding. Nonetheless, LNAs have been

associated with adverse effects, including thrombocytopenia and organ toxicity.

o Tricyclo- or bicyclo-DNA (be- or tcDNA): These analogues include cycloalkane
rings fused to the sugar, offering conformational restriction and systemic deliv-
ery potential. However, the safety and toxicity profile of tcDNA remains under

investigation®?.

Sugar and base modifications fine-tune hybridization kinetics, immune recognition,

and enzyme compatibility (Figure[1.15)).

2’-O-Methyl (2’-OMe) and 2-O-Methoxy-ethyl (2'-MOE): This modification re-
places the 2’-hydroxyl with a methyl (2'-OMe) or methoxy-ethyl group (2'-MOE),
enhancing RNA duplex stability and reducing immunogenicity. It is used in ap-

proved ASOs like nusinersen for spinal muscular atrophy®. However, 2'-OMe or
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2-MOE modifications are not compatible with RNase H activity, and are limited

to non-degradative mechanisms unless employed in the “gapmer” design.

2'-Fluoro (2'-F): The 2'-hydroxyl group in the sugar is replaced by fluorine, locking
the sugar in the C3’-endo conformation and increasing binding affinity®®. Often

86187 o
, 2'-F can

combined with 2-OMe in siRNA drugs like Givosiran and Lumasiran

enhance potency but also has the potential to increase off-target interactions.

Gapmer design: Gapmers combine a central DNA “gap” flanked by 2-modified
sugar wings. This design allows for RNase H activity while improving ASO sta-
bility and binding affinity. Gapmers are employed in mipomersen, inotersen, and

88589190

volanesorsen Their efficacy depends on the careful optimization of length

and modification pattern.

Thus, many of these sugar modifications (e.g., 2-F, LNAs) stabilize the C3'-endo
sugar pucker conformation characteristic of RNA. This enhances duplex melting
temperature and binding affinity—thereby improving targeting efficacy™".

Chemical modifications to the nucleobases are employed to enhance the stability,

binding affinity, and immunological tolerance of therapeutic oligonucleotides.

5-Methylcytosine improves hybridization strength and reduces detection by innate
immune receptors by mimicking natural epigenetic marks??. However, excessive
methylation may interfere with endogenous methylation-sensitive biological pro-

cesses.
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Figure 1.14: Chemical structures of a selection of oligonucleotide modifications
that have been tested as antisense agents (2 OMe: 2 '-O-Methyl, 2 MOE: 2 "-O-
Methoxyethyl, LNA: Locked nucleic acid, PMO: Phosphorodiamidate morpholino
oligomer, PNA: Peptide nucleic acid, bc-DNA: Bicyclo-DNA, tc-DNA: Tricyclo-
DNA). Figure adapted from “Therapeutic Potential of Tricyclo-DNA antisense
oligonucleotides” by Goyenvalle et al., under CC BY-NC 4.0.

Inosine, the deaminated form of adenosine, acts as a wobble base that pairs preferen-
tially with cytosine and can enhance codon flexibility. These base modifications are
particularly important in siRNA, ASO, and mRNA platforms to improve efficacy

and safety 838990,

Excessive or poorly placed base modifications may interfere with endogenous RNA-
binding proteins or editing enzymes, leading to unintended transcriptome-wide ef-

fects63

Together, all these chemical enhancements form the backbone of modern oligonu-
cleotide therapeutics. Their rational design has enabled the transition of nucleic

acids from promising modalities into breakthrough medicines (Figure |1.15]), Ta-

ble [L1l
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Figure 1.15: Chemical modifications featured in approved ASO and siRNA thera-
peutics.(a) ASOs are single-stranded and siRNAs are double-stranded. (b) Chem-
ical modifications in the backbone and sugar, and (c¢) cytosine base are present in
the approved ASO and siRNA therapeutics listed. (d) Enhanced hepatic delivery
is achieved via the tri-GalNAc moiety through receptor—ligand interactions in the
approved ASO and siRNA drugs. Figure adapted from “Nucleic Acid Conjugates:
Unlocking Therapeutic Potential” by Kashyap et al., under CC BY-SA 4.0.

1.2.3 Covalent conjugation for enhancement of activity

Rational chemical optimisation of the components of nucleic acids has enabled nu-
cleic acid therapeutics to be approved for clinical use. However, despite improve-
ments in pharmacokinetics and target specificity, many current therapies remain
limited to liver and muscle diseases%. A promising innovation in the field involves
covalent conjugation—oligonucleotides are chemically linked to other molecules to

enhance delivery, targeting, or functionality. This next generation of oligonucleotide
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therapeutics has expanded the scope of treatable conditions and opened doors to

more precise cell and tissue-specific interventions.

Two primary synthetic approaches are employed to generate oligonucleotide conju-

93I04195196) 511 st -OTI981991100

gates: pre-synthetic synthetic modification:

o The pre-synthetic strategy involves incorporating pre-chemically modified phos-
phoramidite building blocks during oligonucleotide solid-phase synthesis. These
monomers, functionalized with conjugate moieties, can be integrated at various
points in the sequence, most efficiently at the 5’ end. The 3’ end presents synthetic
challenges due to steric hindrance from the solid support. Although this method
offers flexibility in conjugation sites, the synthesis of custom phosphoramidites

can be technically demanding.

¢ The post-synthetic strategy involves the introduction of reactive functional han-
dles (for example, amines, thiols, azides, etc.) into the oligonucleotide during
synthesis. After purification, the oligonucleotide is coupled to the target molecule
in solution. This modular approach facilitates optimization of both the oligonu-
cleotide and conjugate separately, though reaction efficiency can be hindered by
solubility mismatches and side product formation. Reactions such as copper-free

click chemistry are often employed to overcome these limitations.

Both strategies are widely utilized, depending on the chemical nature of the conju-

gate and the desired application.
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Table 1.1: List of approved ASO and siRNA therapeutics on the market.

Introduction

When

not stated, the sugar chemistry is fully 2-H, apart from PMOs that have al-
PO, phosphate; PS, phosphorothioate; PMO, phospho-
rodiamidate morpholino oligomer; OMe, methoxyl; MOE, methoxyethyl; GalNAc,
N-acetylgalactosamine.

tered sugars themselves.

thy hATTR

Conjugate: 5'-tri-GalNAc

S.No. | Drug Name | Target, Chemistry Mechanism
(Year) Indication of Action
1 VITRAVENE | CMV IE-2, 21-mer ASO; Backbone: full | RNase H
(1998) CMYV retinitis | PS
2 KYNAMRO ApoB-100, 20-mer ASO; full PS; Sugars: | RNase H
(2013) HoFH 2'-MOE, 2'-H (gapmer)
3 EXONDYS 51 | Dystrophin, 30-mer ASO; full PMO Exon
(2016) DMD exclusion
4 SPINRAZA SMN2, SMA 18-mer ASO; full PS; 2”-MOE | Exon
(2016) inclusion
) ONPATTRO TTR, hATTR | 21-mer siRNA; full PO; RISC /
(2018) Sugars: 2'-OH, 2'-OMe, 2’-H | Ago2
6 TEGSEDI TTR, hATTR | 20-mer ASO; full PS; Sugars: | RNase H
(2018) 2'-MOE/2-H (gapmer)
7 GIVLAARI ALASI1, acute | 21/23-mer siRNA; PO, PS; RISC /
(2019) hepatic Sugars: 2’-OMe, 2'-F; Ago2
porphyria Conjugate: 3'-tri-GalNAc
8 VYONDYS 53 | Dystrophin, 25-mer ASO; full PMO Exon
(2019) DMD exclusion
9 WAYLIVRA apoCIIL, FCS | 20-mer ASO; full PS; Sugars: | RNase H
(2019) 2'-MOE/2'-H (gapmer)
10 OXLUMO HAO1, PH1 21/23-mer siRNA; PO, PS; RISC /
(2020) Sugars: 2'-OMe, 2/-F; Ago2
Conjugate: 3'-tri-GalNAc
11 LEQVIO PCSKO9, 21/23-mer siRNA; PO, PS; RISC /
(2020/2021) HeFH/ASCVD | Sugars: 2'-OMe, 2'-F, 2/-H; Ago2
Conjugate: 3'-tri-GalNAc
12 VILTEPSO Dystrophin, 21-mer ASO; full PMO Exon
(2020) DMD exclusion
13 AMONDYS Dystrophin, 22-mer ASO; full PMO Exon
45 (2021) DMD exclusion
14 AMVUTTRA | TTR, hATTR | 21/23-mer siRNA; PO, PS; RISC /
(2022) Sugars: 2'-OMe, 2'-F; Ago2
Conjugate: 3'-tri-GalNAc
15 WAINUA TTR, 20-mer ASO; PO, PS; Sugars: | RNase H
(2023) polyneuropa- 2'-MOE/2'-H (gapmer);
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S.No. | Drug Name | Target, Chemistry Mechanism
(Year) Indication of Action
16 TOFERSEN SOD1, 20-mer ASO; PO, PS; RNase H
(2023) SOD1-ALS Sugars: 2'-MOE/2'-H
17 IMETELSTAT | Telomerase in | 13-mer ON; Telomerase
(2024) MDS PS-Phosphoramidate; inhibition
Conjugate: 5'-Palmitic (C16)
acid

1.2.4 Conjugates for enhancing nucleic acid delivery

1

The efficient delivery of nucleic acids remains a major challenge'®. Nucleic acids

require active internalization mechanisms, predominantly endocytosis, which fre-

1021 Only a small fraction of nucleic

quently traps them in endosomal compartments
acids undergo endosomal escape to exert therapeutic effects'®®. To overcome these

limitations, small molecule ligands have been used to exploit receptor-mediated up-

take:

o N-Acetylgalactosamine (GalNAc) is the most clinically validated option for liver-
specific delivery. GalNAc binds with high affinity to the asialoglycoprotein recep-
tor (ASGPR), a receptor abundantly expressed on hepatocytes and characterized
by rapid recycling, which facilitates efficient internalization and robust gene si-

104 Several FDA-approved drugs such as Lumasiran, Givosiran,

lencing responses
and the 2024-approved Eplontersen utilize GalNAc conjugation in combination

with second-generation backbone modifications like 2’-OMe and 2'F to achieve

potent and durable RNAi effects in a cell- and tissue-specific manner.

¢ Anisamide targets sigma receptors, which are frequently upregulated in various
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cancer cell types and are associated with signaling pathways involved in cell pro-

05 A triantennary anisamide moiety was chemically modified into a

liferation
phosphoramidite, and incorporated during solid-phase synthesis to yield triva-
lent anisamide-conjugated ASOs. These triantennary-anisamide 2-OMe ASOs

exhibited a two-fold increase in cellular uptake and a four-fold enhancement in

target protein expression relative to unconjugated controls.

¢ Anandamide, an endogenous fatty acid neurotransmitter and natural ligand of
cannabinoid receptor 1 (CB1), has been associated with neurological and car-
diometabolic disorders, obesity and cancer®. Various siRNA-anandamide conju-
gates have been synthesized using post-synthetic strategies. Monovalent conju-
gates have been shown to lead to a two-fold enhancement in cellular uptake™.

Dendritic constructs that co-displayed anandamide and glucose enabled efficient

gene knockdown in neuronal cells—while unconjugated siRNAs showed no activ-

lty 107'

¢ Folate receptors, which are overexpressed in many cancer types, serve as effective
entry points for targeted nucleic acid delivery. Folate-polyethylene glycol (PEG)-
siRNA conjugates have demonstrated selective and efficient silencing of genes in
folate receptor-expressing cells'®. Notably, monovalent folate-siRNA constructs

reduced target expression by over 75% whereas unconjugated siRNAs have little

to no effect19?.

The cellular membrane has been evolved to restrict the entry of large, negatively
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charged biomolecules, and presents a formidable barrier to nucleic acid therapeutics.

To address this, researchers have employed lipid-based conjugates to enhance the

lipophilicity and cellular uptake of oligonucleotides:

¢ Cholesterol, a fundamental component of lipid membranes and a key regulator

of steroid hormone synthesis and lipid metabolism, has shown promise when
conjugated to siRNAs. Cholesterol (Chol)-siRNA conjugates have been detected
in diverse tissues including heart, kidney, adipose, and lung, where they facilitate

1104111

over 50% knockdown of target genes in vivo compared to negligible activity

of the unconjugated siRNAs. Moreover, cholesterol-conjugated ASOs achieved a

five-fold increase in potency within skeletal muscle tissue in rodent models™2.

Other lipid conjugates, such as palmitate and tocopherol (toc), showed enhanced
activity in the skeletal tissue of rodents but less pronounced effects in primates,
highlighting the influence of species-specific plasma protein interactions*2. Chol-
and toc-modified heteroduplex ASOs were capable of crossing the blood-brain
barrier and achieving over fivefold knockdown of MALAT1 in neuronal and mi-

croglial cells, compared to unmodified ASO duplexes (Figure [1.16])%5.

Studies demonstrate that pre-annealing chol-siRNA conjugates with serum lipopro-
teins such as HDL (high-density lipoprotein), LDL (low-density lipoprotein),
or albumin further improved efficacy—HDL in particular yielded 5- to 18-fold

greater mRNA silencing.

o The fatty acid chain length is also a crucial determinant of performance: while
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Figure 1.16: Cholesterol and tocopherol-conjugated ASOs for delivery across
the blood brain barrier.(a) Chemistry of Chol- and Toc- heteroduplex ASOs.;
(b) Widespread knockdown of MALAT1 across the CNS with Chol- and Toc-
HDOs. Figure adapted from “Nucleic Acid Conjugates: Unlocking Therapeutic Po-
tential” by Kashyap et al., under CC BY-SA 4.0.

short-chain fatty acids like lauroyl (C12), myristoyl (C14), and palmitoyl (C16)
did not appreciably reduce target expression, longer chains such as stearoyl (C18)
and docosanyl (C22) significantly enhanced mRNA knockdown in hepatic tis-
sue3. In an alternative approach, dendritic long-chain alkyl phosphate esters
pre-complexed with human serum albumin (HSA) improved nuclease resistance
and reduced non-specific uptake by macrophages, thereby enhancing delivery ef-

ficiency™ 4.

o A distinct platform employing a 2’-O-hexadecyl (C16) chain enabled efficient and
safe silencing in central nervous system (CNS), ocular, and pulmonary tissues. In
an Alzheimer’s disease mouse model, this 2-O-C16-siRNA successfully suppressed

amyloid precursor protein (APP) levels and ameliorated associated behavioral

deficitst2,
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¢ In another study, an effective multimeric platform for local lung delivery was
determined™Y. By synthesizing and characterizing a panel of chemically modified
siRNAs, varying in valency (mono- to tetravalent) and hydrophobic conjugates
(eicosapentaenoic acid (EPA) or docosanoic acid (DCA)), it was demonstrated
that a divalent siRNA scaffold achieved efficient pulmonary uptake and potent

inhibition of SARS-CoV-2 infection (Figure [1.17]).

Guide Strand B Monovalent
RN
S I A I N I I R Divatent 2}9
v ). Tetravalent

Passenger Strand v, .
@2-0-Methyl RNA VP 5'-E-Vinylphosphonate ‘cqcn ) S PP j"

2'Fluoro RNA om0 “\_ Trivalent e i
~~ Phosphorothioate S IR SO B_IJL N
~~Phosphodiester & one S -

Linker/conjugate M ‘;;
.Cy3 Eicosapentaenoic acid (" Docosanoic acid

C SRR oy IR &

Monovalent Divalent Trivalent Tetravalent

]
3|
=
3
o

ype Il Alveoli

Figure 1.17: Diverse siRNA architectures and lipid conjugates explored for improved
lung delivery. (a)Schematic of the fully chemically modified siRNA. Multivalent
linker or hydrophobic moiety is conjugated to the 3’ end of the passenger strand.
Cy3 dye labeled to the 5" end of the passenger strand.; (b) Schematic for the mul-
tivalent and hydrophobic siRNA scaffolds tested.; (c) Representative fluorescence
Images-Introduction of lung after intratracheal injection of siRNA in mice sacrificed
at 24 hours postinjection (Top) Distribution of siRNA in red) with staining of DAPI
in blue. Scale bar: 1 mm.Figure adapted from “Divalent siRNAs are bioavailable
in the lung and efficiently block SARS-CoV-2 infection” by Hariharan et al., under
CC BY-NC-ND 4.0.
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¢ Another study revealed that Chol-conjugated siRNAs efficiently deliver to the
placenta with primary liver clearance. A panel of fully modified siRNAs targeting
Htt (Huntington) was synthesised, conjugated to Chol, docosahexaenoic acid
(DHA), or docosanoic acid (DCA), with or without a phosphatidylcholine (PC)
head group. Divalent and non-conjugated controls revealed that conjugate type

and siRNA architecture significantly influence placental accumulation and tissue
distribution (Figure [1.18)*7,

Compound: ol PC-DCA DHA PC-DHA Dio
2-OMef F
LLA LI L LI LTI LI Ll

B

Conjugates:

1. Cholesterol (Chol)

Placenta
* *k

3. Phosphocholine-Docosanoic acid (PC-DCA)

5

<
I
o

] Liver Kid
8~_0.,.0. N Idney
Ry D . - )
b4 _
o 2 1500 2 s
= *k *% 2 2000
4. Docosahexaenoic acid (DHA) g = *kk *k % 80
H
AR SN 3 2 k3
Y f oH g S 1500 ° T 60
..... : 1000 . : T . :
5. Phosphocholine-Docos: s - Pl £ 1000 — £ 4
S s > S e
° ° ®
2 500 20
F %
<
z
4
K]

sIRNA Tissu
SiRNA Tissu

6. Di-Branched Oligonucleolide (DIO) < o
2 8 8 £ I 3 8 a

Chol4

8
g 8 8 & 3

-0 N NN i

PC-DCA+
PC-DHA-

Figure 1.18: Lipid-modified siRNA for enhanced placental delivery. (a) Schematic
for chemical modification of ASO scaffold. (b) Chemical structure of siRNA con-
jugates used for placental delivery. (c) Tissue fluorescence imaging; Scale bar, 1
mm. All Images-Introduction acquired at identical laser intensity. NOC refers to
no conjugate. (d) Guide strand accumulation within various organs quantified af-
ter 48 hours.; Figure adapted from “Chemical optimization of siRNA for safe and
efficient silencing of placental sSFLT1” by Davis et al., under CC BY-NC-ND }.0.

¢ A comparative evaluation of GalNAc and lipophilic targeting ligands such as
cholesterol and tocopherol in hepatocyte systems demonstrated clear differences

in performance. GalNAc conjugation led to approximately a 7-fold increase in



1.2 Nucleic Acid therapeutics 39

uptake and a 10-fold boost in efficacy relative to unconjugated ASOs. In compar-
ison, cholesterol and tocopherol conjugates provided a 3- to 5-fold improvement

in uptake and a 5-fold enhancement in silencing activity .

Small-molecule ligands can facilitate nucleic acid delivery to many cell types—even
those once considered impervious to uptake. Peptides and, in particular, antibodies
that act as ligands by binding to specific receptors and antigens respectively, have

exceptional targeting capabilities extending beyond hepatocyte targeting.

Antibody-oligonucleotide conjugates have been employed across a variety of disease
contexts, including CNS disorders, cardiac and skeletal muscle malignancies, as well

as breast, lung, and hematological cancers*.

o A particularly well-studied target is the transferrin receptor (TfR), known for
its high expression in brain endothelial cells. Antibody-ASO conjugates directed
against murine TfR enabled ASOs to achieve therapeutic concentrations in the
mouse brain, improving survival in severe spinal muscular atrophy (SMA) mod-
els*2?, Enhanced delivery was also observed in peripheral tissues such as muscle—
critical for treating neuromuscular conditions such as SMA. Another strategy
used a modified Fc domain with low-affinity binding to human TfR to enhance
transport across the BBB—achieved in both murine and non-human primate

models*2?,

¢ In the case of cancer, surface receptors like CD44 and EphA2, commonly over-

expressed in glioblastomas, have been targeted with antibody-ASO conjugates,
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resulting in efficient internalization and gene silencing®2L.

¢ Transcription factor MXD3 in precursor B-cell acute lymphoblastic leukemia
(preB-ALL) has been utilized in a anti-CD22 antibody-ASO conjugate. These
constructs successfully reduced MXD3 expression and prolonged survival in both

xenograft and murine leukemia models?229,

Peptide-based conjugates, especially those using cell-penetrating peptides (CPPs),

have extensively employed for nucleic acid delivery:

¢ CPPs like Tat — composed primarily of arginine and lysine residues — en-
able intracellular delivery by crossing lipid membranes®?3. Tat-siRNA conjugates
demonstrated functional delivery with strong RISC activity and peri-nuclear lo-
calization. However, excess positive charge is associated with toxicity; increasing
arginine content in CPPs has been linked to cytotoxicity and renal impairment in
micel?4125 Jikely due to membrane disruption and non-specific interactions with

endogenous nucleic acid-binding proteins*2¢.

¢ Charge-balanced alternatives such as the Pip5 and Pip6 series peptides, char-
acterized by two arginine-rich regions flanking a hydrophobic core, have been
conjugated to PMOs for use in Duchenne muscular dystrophy (DMD). These con-
jugates restored dystrophin protein expression across cardiac and skeletal muscle

in mouse models following a single dose*?” with limited toxicity.

¢ In addition to CPPs, tissue-targeting peptides have been used to enhance speci-

ficity. A notable example includes a peptide ligand for the GLP-1 receptor—
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abundantly expressed in pancreatic S-cells and the brain. An ASO conjugated to
this GLP-1 targeting peptide successfully achieved functional delivery to f-cells,
which are typically resistant to ASO uptake’28.

Nucleic acid aptamers represent a versatile class of targeting ligands that can be en-
gineered to bind a wide array of protein targets with high affinity—often comparable
to that of monoclonal antibodies®®?. The introduction of a single phosphorothioate
modification to the backbone of an RNA aptamer dramatically enhanced its affin-
ity for vascular endothelial growth factor (VEGF) and thrombin, achieving binding
strengths in the 1-2 picomolar (pM) range—approximately 1,000 times stronger
than the unmodified aptamer. In comparison, the typical target affinities for an

antibody fall in the range of 10-100 pM“3,

Several aptamer-oligonucleotide conjugates have demonstrated therapeutic poten-

tial:

© The AS1411 aptamer, which targets nucleolin, a nucleolar protein overexpressed
in many cancers, has been shown to internalize into prostate, lung, and pancreatic
cancer cells— enabling ASO localisation to the nucleus. When conjugated to
a splice-switching oligonucleotide (SSO), AS1411 significantly enhanced activity,

achieving twice the splice correction efficiency compared to the free SSO alone*3Y.

o The A10 aptamer, designed to bind the prostate-specific membrane antigen (PSMA),

has been conjugated to siRNAs for selective delivery to prostate cancer cells,
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where it effectively induced tumor regression in xenograft models®3%. PSMA is
also expressed in the vasculature of solid tumors, expanding the therapeutic scope

of A10-based targeting strategies.

Aptamers offer several advantages: they are composed entirely of nucleic acids, mak-
ing them inexpensive to synthesize, easy to modify, and generally non-immunogenic.
However, they are still subject to many of the same delivery limitations as other
nucleic acid therapeutics, including poor tissue penetration and susceptibility to

degradation™.

1.2.5 Conjugates for targeted activation

While much of the development in nucleic acid therapeutics has focused on im-
proving tissue-specific delivery, another compelling strategy involves conditional
activation—where a nucleic acid drug remains inactive during systemic circulation,

133134 This approach

and is selectively activated only at the intended target site
aims to minimize off-target effects and systemic toxicity, thereby increasing thera-

peutic precision and efficacy.

Targeted activation can be achieved either via internal stimuli, such as specific en-
zymes or pH levels, or through external triggers like light. Although internal triggers
(for example, acidic tumor microenvironments or redox gradients) are commonly
exploited in non-covalent delivery systems like nanoparticles3913% their specificity

is often limited because similar conditions exist in non-target compartments (for
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example, endosomes) 3738,

One elegant solution involves enzyme-responsive conjugates. For example, antisense
oligonucleotides have been cyclized through a cathepsin B-cleavable peptide linker.
In the presence of this tumor-associated protease, the linker is cleaved, lineariz-
ing the ASO and restoring its activity. This strategy has shown promising tumor

reduction in a prostate cancer model*3?.

Externally triggered activation by light, offers unmatched spatiotemporal control.
Photo-caging involves attaching light-sensitive groups to ASOs or siRNAs that sup-
press their activity until removed by illumination. Coumarin- or nitrobenzyl-based
photocages have been used to block ASO activity, which can then be reactivated
with UV light™%14l This technique has been applied in various systems, includ-
ing zebrafish and Xenopus embryos, using morpholino-based photo-caged oligonu-
cleotides to control the expression of developmental genes™#% (Figure [1.19). Fur-
ther refinement of this technology allows orthogonal control—for example, two dif-
ferent ASOs activated by distinct light wavelengths (UV and blue)*4,

However, one major limitation of photo-caging strategies is that ultraviolet light
has limited tissue penetration, making deep tissue activation difficult'¥. To ad-
dress this, near-infrared (NIR) light-responsive systems have been developed. These
longer-wavelength systems offer better penetration and are being explored for sub-

dermal and internal organ nucleic acid delivery applications®42.
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Figure 1.19: Light-responsive chemical modifications for targeted ASO activation.
(a) A nitrobenzyl-photocage was used to inhibit activity of a PMO-based ASO.
Activation of the chordin PMO was achieved using ultraviolet (UV) light. (b)
UV-irradiation resulted in active chordin PMO that disrupted endogenous levels
of chordin, resulting in deformity (4) compared to controls (1-3). Figure adapted
from “Nucleic Acid Conjugates: Unlocking Therapeutic Potential” by Kashyap et
al., under CC BY-SA 4.0.

1.2.6 Conjugates for expanding functionality

ASOs represent the most prominent class among clinically approved nucleic acid
therapeutics. However, their mechanisms of action are largely confined to two
modes: RNase H-mediated degradation and splice modulation®. Splice-switching
ASOs act within the nucleus on pre-mRNA, which is sequestered behind the nuclear
envelope, while RNase H-active ASOs target mature cytoplasmic mRNAs. One of
the principal challenges in enhancing ASO performance is efficient subcellular lo-
calization: only a small fraction of ASOs reach their intended compartment. Quan-
titative studies have reported that less than 0.3% of GalNAc-siRNAs and roughly
1% of ASOs successfully escape the endosome™6147 representing a key feature of

therapeutic efficacy.

Given this, improving the intracellular partitioning of ASOs—particularly into the
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nucleus, could significantly boost functional potency. For instance, conjugating
ASOs to Hoechst dyes has been shown to dramatically improve nuclear localization
and, as a result, target knockdown. Hoechst molecules bind the minor groove of
double-stranded DNA with nanomolar affinities (1-10 nM), thus facilitating ASO

148 Hoechst-ASO conjugates achieved greater

retention in nuclear compartments
knockdown of the nuclear long non-coding RNA MALAT1 than their unconjugated

LNA-gapmer counterparts.

Beyond improving localization, ASO conjugates can also unlock entirely new bi-
ological pathways. One such example involves exploiting the RNase L antiviral
defense system. RNase L is a cytoplasmic endoribonuclease activated by 2'-5'-
linked oligoadenylates (2-5A) synthesized in response to double-stranded RNA by
the OAS enzyme family**?. By covalently linking ASOs to a synthetic 2-5A4 lig-
and, researchers have developed bi-functional constructs that not only hybridize to

target RNAs but also activate RNase L to degrade them.

This strategy has been applied in infectious disease models. In one study, a 2'-
OMe ASO targeting the SARS-CoV-2 spike RNA was conjugated to 2-5A4%50, The
conjugate induced significantly greater knockdown than either the ASO or 2-5A4
alone, reducing viral titers in a luciferase-reporter pseudovirus assay. Similarly, a
2-5A4-AS0 targeting the RSV transcription elongation factor led to a threefold
reduction in viral RNA compared to the unconjugated control® (Figure .

These studies illustrate how chemical conjugation can not only enhance delivery
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but also re-purpose innate cellular pathways to enhance oligonucleotide activity.
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Figure 1.20: RNase L-mediated degradation of target RNA via antisense
oligonucleotide-RNase L activator conjugate. (a) Proposed mechanism of 2'-
5poly(A)4 (2-5A4) mediated activation of RNase L for targeted viral RNA degrada-
tion.; b) Chemistry of the 2-5A4-ASO conjugate for targeting SARS-CoV-2 RNA ;
¢) Reduction in viral titer upon treatment with 2-5A4-ASO conjugate, measured
using a luciferase infection model Figure adapted from “Nucleic Acid Conjugates:
Unlocking Therapeutic Potential” by Kashyap et al., under CC BY-SA 4.0.

The toolbox of nucleic acid therapeutics continues to expand, driven by the conver-
gence of chemical biology and drug delivery innovation. One of the most exciting
frontiers lies in the conjugation of oligonucleotides with bio-active small molecules
(Figure . These conjugates enable tunable pharmacokinetics, programmable
sub-cellular trafficking, and even novel mechanisms of action. Researchers are in-
creasingly exploring ligand-oligonucleotide conjugates. These include a wide range
of chemical compounds, from receptor-targeting moieties to immuno-modulators

and enzyme co-factors. As a result, we are witnessing the emergence of highly

tailored, conditionally active therapies that offer remarkable therapeutic precision.
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Despite challenges in endosomal escape, tissue specificity, and enzymatic degrada-
tion, nucleic acid therapeutics have consistently demonstrated clinical success in
targeting genetic drivers of disease with minimal off-target toxicity. However, the
field continues to evolve, with growing interest not only in refining delivery strate-
gies but also in expanding the functional scope of oligonucleotides through chemical

conjugation.

The rise of heterobifunctional small molecules such as PROTACs (proteolysis-
targeting chimeras) exemplifies this transition. These molecules operate by simul-
taneously engaging a target protein and an E3 ubiquitin ligase, leading to selective
proteasomal degradation. Over 20 PROTAC drugs have entered clinical trials as of
2022, underscoring the translational potential of bifunctional design'®2. Inspired by
this model, nucleic acid analogs have begun to incorporate similar activity. Oligo-
TRAFTAC s, for instance, combine a DNA or RNA motif that binds transcription
factors with an E3 ligase-recruiting ligand, resulting in proteasomal degradation of
oncogenic TFs like c-Myc and brachyury'®® Similarly, RNA-PROTACs—engineered
RNAs that recruit E3 ligases—have been developed to degrade RBPs such as LIN28
and RBFOX1"%4, These proof-of-concept studies highlight the need for precise linker
tuning and structure-activity relationship (SAR) optimization to achieve consistent

efficacy.
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Figure 1.21: Next—generation therapeutic nucleic-acid conjugates can be broadly

characterized into lipophilic conjugates, conjugates for receptor—ligand interactions,
conjugates with new functionalities, and conjugates with targeted activation prop-
erties. Figure adapted from “Nucleic Acid Conjugates: Unlocking Therapeutic Po-
tential” by Kashyap et al., under CC BY-SA 4.0.

1.3 Part I: Research Aims

This conceptual framework sets the stage for this body of research. Part I of this

DPhil work explored the following directions:

o First, a strategy to improve the nuclear localization of ASOs by conjugating them

to ligands that engage nuclear import machinery. The nucleus remains a key site
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of action for splice-switching and RNase H-active oligonucleotides. However,
passive diffusion across the nuclear envelope is inefficient, and existing delivery
systems rarely optimize for subcellular nuclear localisation. By directing ASOs
through nuclear trafficking pathways, we aimed to significantly enhance nuclear
concentrations, thereby boost the efficiency of splicing correction and RNase H-

mediated knockdown.

¢ Second, establishing a novel biochemical mechanism for cytoplasmic ASO knock-
down, distinct from canonical RNase H or RISC-based pathways. This involved
conjugating ASOs to small molecules to recruit the following cytoplasmic bio-
chemical pathways: lysosomal trafficking and anti-viral RNase L-mediated RNA
knockdown. Such a system could overcome the limitations of current ASO
chemistries in non-nuclear compartments. Moreover, it can also provide a new
mechanism of action for targeting mRNAs and non-coding RNAs implicated in

disease.

Part 1 of this DPhil work was aimed at advancing the clinical potential of nu-
cleic acid therapeutics. This focus of this research was on developing new modes
of intracellular engagement and expanding the functional repertoire of antisense
oligonucleotides. Through this work, the goal was to explore how chemical modifi-
cations can enable broader and more versatile therapeutic applications of antisense

oligonucleotides.



Chapter 2

Altering the subcellular localization of ASOs to

improve their therapeutic engagement and efficacy

2.1 Introduction

Nucleic acid drugs have emerged as a powerful class of therapeutics with the po-
tential to revolutionize the treatment of a wide range of diseases®. Among these,
antisense oligonucleotides or ASOs have attracted considerable attention because of

their ability to provide precise control over gene expression at the RNA level (see

lsubsection 1.2.1)). ASOs function through multiple mechanisms: RNase H-mediated

degradation of target mRNA bound to complementary DNA-based ASOs, modula-
tion of pre-mRNA splicing, or steric hindrance of ribosome binding, thus preventing

translation®%.

This precise RNA-level intervention allows for targeted correction
of gene dysregulation associated with various pathological conditions—offering a

highly specific and effective therapeutic strategy.

One of the most critical determinants of ASO efficacy is sub-cellular compartmen-
talisation. In particular, their ability to localize within the nucleus®. ASOs exert

20
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their biological effects predominantly within the nucleus, particularly through mech-
anisms such as pre-mRNA splicing modulation and RNase H-mediated degradation
of nuclear-retained transcripts. However, achieving efficient nuclear accumulation
remains a major challenge because of the inherent physicochemical properties of
ASOs such as their polyanionic nature. Current ASO therapeutics are shuttled
in and out of the nucleus: an inherently inefficient process with only a fraction of
administered ASOs accumulating within the nucleus'®?. This inefficient nuclear im-
port limits their therapeutic efficacy, making strategies to enhance nuclear delivery

an important area of research (Figure [2.1]).

X No pre-mRNA for . . i
splice-switching activity Unco;gjgated N“deiro':;lfgggr ASO
% Minimal RNase H activity NN ™ ‘WWM
Bi-directional Active nuclear
CYTOPLASM transport import
NUCLEUS
v/ Robust RNase H activity .
_ o Baseline ASO Improved ASO
v/ Robust splice-switching activity activity
activity

Figure 2.1: Schematic highlighting the rationale for the improved activity of nuclear-
targeting ASO conjugates over unconjugated ASOs. Modification with nuclear-
targeting moieties should enhance ASO activity in principle. Figure re-produced
from “Harnessing BET-Bromodomain Assisted Nuclear Import for Targeted Subcel-
lular Localization and Enhanced Efficacy of Antisense Oligonucleotides” by Kashyap
et al., under CC-BY 4.0.

Enhancing the nuclear import and accumulation of ASOs has been postulated to

significantly improve their target engagement and, consequently, their therapeutic
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5

efficacy®®. Previous work to improve nuclear delivery has employed nucleic acid

2 and peptides?®. Conjugates gen-

conjugates with small molecules'®, aptamers
erated with the double-stranded DNA-binding dye Hoechst have been explored as
a strategy to enhance the nuclear accumulation of ASOs*#®. Hoechst dyes exhibit
a strong affinity for the minor groove of DNA and are known to accumulate within

27 However, when conjugated to ASOs, these modifications resulted

the nucleus”
in minimal and inconsistent improvements in gene-knockdown efficacy. Specifically,
targets degraded via the same mechanism of action were silenced to varying lev-
els of efficacy suggesting that the Hoechst modification does not provide a reliable
or predictable means of improving nuclear accumulation. Furthermore, the use of
Hoechst derivatives in a therapeutic may be limited by concerns over cytotoxicity,
as these dyes are known to interfere with DNA integrity, eliciting genotoxic stress
and disrupting cellular homeostasis™®®. Thus, while Hoechst-based ASO conjugates

offer an elegant small molecule-based approach to nuclear targeting, their practical

use remains limited by efficacy and safety issues.

Another strategy that has been investigated for improving ASO nuclear localization
involves conjugation to nuclear protein-binding aptamers such as AS411 for nucle-
olin"3!. Nucleolin is a ubiquitously expressed nucleolar phosphoprotein that plays
a critical role in ribosomal biogenesis, RNA metabolism, and nucleocytoplasmic
transport®®®. AS411 is a well-characterized nucleolin aptamer, has been conjugated

to splice-switching oligonucleotides in order to enhance nuclear accumulation (Fig-
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Figure 2.2: AS411 allows for enhanced nuclear delivery.(a) Fluorescent microscopy
images upon treatment with Alexa488-nucleolin aptamer or Alexa488-control ap-
tamer at a concentration of 100nM for 1h.(b)Dose response comparing the effects of
nucleolin aptamer—SSO chimera and the SSO alone. Figure adapted from “Aptamer-
mediated delivery of splice-switching oligonucleotides to the nuclei of cancer cells”

by Kotula et. al, under license 6007581355259.

ure . However, this approach has demonstrated only modest improvements in
splice-switching efficiency. The limited efficacy of this strategy may stem from sev-
eral factors, including insufficient nucleolin-mediated transport, sub-optimal bind-
ing affinity, or inadequate endosomal escape following cellular uptake. Further-
more, concerns regarding the stability and pharmacokinetics of nucleolin-targeting
aptamers present additional challenges to their potential use as nuclear-targeting

moieties.

Peptide-based nuclear-targeting moieties such as nuclear localization signal (NLS)
peptides have been extensively explored for facilitating ASO transport into the
nucleus. NLS peptides are short amino acid sequences recognized by importin pro-
teins, which mediate active nuclear import through the nuclear pore complex. 60161,

The clinical use of NLS-ASO conjugates has been hindered by several critical lim-

itations. First, peptide-conjugated ASOs often display poor intracellular uptake,
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as their relatively large size and strong positive charge cause them to interact with
the negatively charged plasma membrane rather than efficiently cross it'%2, Second,
NLS motifs have been associated with increased cytotoxicity and potential immuno-
genicity, calling for the exploration of more diverse sequences®®¥. This has resulted
in a push for the exploration of more charge-balanced chemical designs and diverse

sequences.

These studies highlight the challenges associated with current approaches to en-
hancing nuclear localization of ASOs. While small-molecule, aptamer-based, and
peptide-based conjugates have demonstrated some degree of nuclear enrichment,
their inconsistent efficacy, potential toxicity, and delivery constraints necessitate
the development of alternative strategies. A more effective approach would require
a balance between efficient nuclear targeting, high cellular uptake, and minimal
off-target toxicity. The design of novel ASO conjugates incorporating ligands ca-
pable of engaging endogenous nuclear transport pathways while preserving ASO

therapeutic activity represents a promising approach in the area.

A recent study demonstrated the potential of a bi-functional compound containing
the small molecule (4)-JQ1 warhead to induce the nuclear localization of cytoplas-
mic proteins (Figure 2.3)164 (+)-JQI is a well-characterized and potent binder
of the bromodomain and extra-terminal (BET) family of proteins, which play key
roles in chromatin regulation and transcription"®. These proteins, including BRD2,

BRD3, BRD4, and BRDT, are primarily nuclear, where they act as epigenetic read-
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ers, recognizing acetylated lysine residues on histones to regulate gene expression
programs.0%167 However, several studies have highlighted their secondary func-
tions in the cytoplasm, particularly in cellular signaling pathways and stress re-
sponses. 08169 This differential localisation of BET proteins functional pathways
suggests that they exhibit an intermediary shuttling state between the nucleus and
cytoplasm, a property that has been leveraged for nuclear delivery of a target pro-
tein. We set out to establish whether this nuclear targeting mechanism could be

expanded to ASOs.
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Figure 2.3: Rapid import of GFP into the nucleus by bi-functional small molecule,
NICE-01. (a) Schematic for nuclear import of cytosolic protein. (b) Chemical
structure of NICE-01. (c¢) U20S cells co-transfected with mCherry-BRD4 and
FKBPF36V-mEGFP, treated with NICE-01 (200 nM) or DMSO. Figure adapted
from “Bifunctional Small Molecules That Induce Nuclear Localization and Targeted
Transcriptional Regulation” by Gibson et. al, under CC-BY-NC-ND 4.0.

In this work, a series of novel covalent (4)-JQ1-ASO conjugates were synthesised.
This work aimed at enhancing the active nuclear import of ASOs. This approach in-

volves modifying ASOs with a single covalent (+)-JQ1 ligand, exploiting its affinity
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for BET bromodomain proteins to facilitate nuclear enrichment. By taking advan-
tage of the dynamic shuttling of BET proteins between the nucleus and cytoplasm,
it was hypothesized that these (4)-JQ1-ASO conjugates would show increased ASO

localization to the nucleus, thereby enhancing their efficacy.
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Figure 2.4: Schematic demonstrating the improved activity of (+)-JQ1-ASO
conjugates over unconjugated ASOs. (+)-JQ1-ASO conjugates improve splice-
modulation and RNase H-mediated knockdown through increased nuclear accumu-
lation. Figure re-produced from “Harnessing BET-Bromodomain Assisted Nuclear
Import for Targeted Subcellular Localization and Enhanced Efficacy of Antisense
Oligonucleotides” by Kashyap et al., under CC-BY 4.0.

2.2 Aims

In this work, a series of novel covalent (4)-JQI1-ASO conjugates were synthesised

with the aim of enhancing the active nuclear import of ASOs. The approach in-
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volved modifying ASOs with a single covalent (4)-JQ1 ligand, exploiting its affinity
for BET bromodomain proteins to facilitate nuclear enrichment. By taking advan-
tage of the dynamic shuttling of BET proteins between the nucleus and cytoplasm,
it was hypothesised that these conjugates would exhibit increased ASO localization
to the nucleus, thereby improving their efficacy.

The strategy was intended to be tested across both mRNA knockdown and splice-
switching mechanisms, as well as in multiple cell types relevant to approved nucleic
acid drugs, in order to evaluate its general applicability to different ASO modal-
ities and disease models. Mechanistic investigations were also planned to deter-
mine whether any enhancement in efficacy could be attributed to greater nuclear
localization, and to establish whether the effect was dependent on BET bromod-
omain protein interactions. To further assess therapeutic relevance, studies were
designed around a (+4)-JQ1-Oblimersen conjugate, in which Oblimersen—a BCL-
2-targeting ASO previously evaluated in clinical trials—was tested in the context

of acute myeloid leukemia (AML).

More broadly, this line of investigation sought to establish a strategy for manipu-
lating ASO subcellular localization through a defined protein interaction, offering a
potential avenue for the development of next-generation ASO therapeutics. Current
delivery approaches often rely on passive uptake mechanisms, which are inherently
inefficient and frequently result in suboptimal nuclear concentrations. Conjuga-

tion of ASOs to (4)-JQ1 was therefore pursued as a means of actively promoting
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nuclear accumulation while maintaining minimal toxicity, a critical parameter for

translational application.

Overall, the study was directed toward assessing the feasibility of using small-
molecule ligands such as (+)-JQ1 to guide ASOs to the nucleus, thereby exploring
a chemically controlled approach to improving ASO efficacy. This strategy was
envisaged as a way to broaden the applicability of ASO therapeutics, particularly
for targets requiring nuclear engagement, and as a concept that could ultimately
be extended to other nucleic acid-based modalities.

The objectives of this chapter were as follows:

o Synthesis and characterisation of high-yield high-purity covalent (4)-JQ1-ASO

conjugates

o Functional validation of the activity of (+)-JQ1-ASO conjugates in various bio-

logically relevant cell lines

© Mechanistic validation of (4)-JQ1-ASO conjugate activity

o Profiling selectivity and off-target effects of (+)-JQ1-ASO conjugate treatment



2.3 Results 59

2.3 Results

2.3.1 Synthesis of JQ1-ASO conjugates

For this work, published ASO sequences were selected that had previously been
validated with mismatch and scrambled controls. Since these sequences had been
shown to specifically target their respective mRNAs, the primary comparative con-
trols in our experimental validation of (+)-JQ1-ASO conjugates were ASOs without
the (4)-JQ1 modification. These included both RNase H-active gapmers, which
induce mRNA degradation, and splice-switching oligonucleotides (SSOs), which

modulate pre-mRNA splicing.

To synthesise the covalent (+)-JQ1-ASO conjugate, copper-catalysed click chem-
istry was used. Alkyne-modified (+)-JQ1 and 5'-azide-modified ASOs were synthe-

sised.

Synthesis of JQ1l-alkyne
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Figure 2.5: Synthesis scheme for (+)-JQl-alkyne.

Alkyne-modified (+)-JQ1 was synthesised in two steps, starting from the commer-
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cially available (+)-JQ1 ligand. First, the boc group of (+)-JQ1 was deprotected to
yield the (+)-JQ1 acid™™. This was followed by a hydroxybenzotriazole (HoBT) and
(3-dimethylamino-propyl)-ethyl-carbodiimide hydrochloride (EDC-HCI)-mediated

coupling with propargylamine, resulting in the formation of (+)-JQ1-alkyne ™ (Fig-

ure .

Synthesis of Azide-ASO
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Figure 2.6: Synthesis scheme for 5-azido-functionalised ASO.

5'-azide-ASO was prepared through an azidoacetic acid-N-hydroxysuccinimide (NHS)
ester functionalisation of commercially available 5'-terminally amine-modified ASO

under basic conditions (Figure [2.6).
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Figure 2.7: Synthesis scheme for 5'-(+)-JQ1-functionalised ASO.

All (4)-JQ1-ASO conjugate were prepared using copper-catalysed click conjuga-

tion of the (4)-JQl-alkyne with the 5-azide-ASO (Figure 2.7). > 90% yields was
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achieved for all bioconjugation reactions performed and > 95% purity following

HPLC purification.

2.3.2 Synthesis of JQ1-SSO conjugate

The final (4)-JQ1-SSO conjugate was prepared using copper-catalysed click conju-
gation of the (+)-JQ1l-alkyne with the 5'- azide-SSO (Appendix Figure Fig-
ure [A.16)). > 90% yields were achieved for all bioconjugation reactions performed

and > 95% purity following HPLC purification.

2.3.3 JQ1-SSO outperforms unmodified SSO for splice switch-
ing efficacy

To evaluate the activity of (+)-JQ1-ASO conjugates, a splice-switching oligonu-
cleotide (SSO) was selected for preliminary studies. The 18-mer SSO employed in
our experiments had a fully phosphorothioated (PS) backbone, with all ribose sug-
ars modified at the 2’-position with a methyl group, the 2-OMe modification (Fig-
ure ) This gold standard SSO sequence was designed for the HeLa pLuc/705
cell line, which expresses a luciferase gene interrupted by a mutated [-globin in-

172 The mutation introduces a 5-splice site that activates a cryptic 3'-splice

tron
site, leading to incorrect mRNA splicing and the production of non-functional lu-

ciferase (Figure 2.8b). The SSO binds to the mutant 5-splice site, promoting the

exclusion of the aberrant intron and restoring proper pre-mRNA splicing to gener-
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ate functional luciferase. Luminescence is thus used as a proxy for splice-switching

efficacy.

To assess the activity of our (4)-JQ1-SSO conjugates in the HeLa pLuc/705 cell
line, their efficacy was compared to the well-characterized SSO lacking the 5'-(+)-
JQ1 modification and the intermediate azido-modified SSO. Cells were transfected
with varying concentrations (25, 50, 100, and 200 nM) of either SSO (unconjugated,
azido-modified, and (4)-JQ1 modified) for 24 hours and analyzed by luminometry,
which served as a measure of splice correction and SSO efficacy. The (+)-JQ1-SSO
conjugate exhibited 2.0-, 1.8-, 1.9-, and 1.7-fold higher splice-switching activity
compared to the unconjugated and azido-modified SSO at 25, 50, 100, and 200
nM, respectively (Figure ) To evaluate activity in a more physiologically rel-
evant context, gymnotic delivery of the (+)-JQ1-SSO conjugate was performed,
alongside its unconjugated and azido-modified counterparts, at 5, 10, and 20 pM,
with luminescence quantification as described above. Gymnotic delivery refers to
oligonucleotide delivery without transfection reagents, providing a more physiolog-

ically and clinically relevant assessment of activity.

The gymnotically delivered (+)-JQ1-SSO showed significantly enhanced splice switch-
ing at 10 and 20 pM (Figure ) For both delivery methods, the unmodified and
azido-SSOs exhibited identical fold changes in luminescence, as anticipated (Fig-
ure[2.9), with values lower than those seen for the (+)-JQ1l-modified SSO, indicating

that the observed improvement could be attributed to the (4)-JQ1 modification.



2.3 Results 63

@ 5’-covalent JQ1-attachment
O 2'-OMe

b)  Correct splicing
Aberrant splicing------

Luciferase gene L-\|Luciferase gene
exon "_cryptic site, 1
3’-cryptic site exon
SSO0 site

L 1
I Gymnosis | ok
= o

*kk e)
300+
154
2504 ek
2004 *k
Kk x_
1504
* .S.
Kk
1004 : i
| } 2
) m
AL ;

d)

[&)]

Fold change over untreated

[$))
o
1

Fold change over untreated
o
=1
(]
. +¢

sso+ - + - + - + - ssO+ - + - + -
#)Jdatsso - + - + - 4+ - + (Ja1SSO - + - + - +
25 nM 50nM  100nM 200 nM 5uM 10 uM 20 uM

Figure 2.8: Covalent (+)-JQ1-SSO modification enhances slice-switching activity.
(a) Sequence and chemical modifications for SSO used in the HeLa pLuc 705 cell
line. (b) Splice-switching mechanism in HeLa pLuc 705 cells. (c¢) Luminescence
values for SSO and (+)-JQ1-SSO activity, transfected with LLipofectamine 2000, at
24 hours at concentrations indicated. In all cases, luciferase activity was measured
and normalised to untreated cells. (d) Luminescence values for SSO and (+)-JQ1-
SSO activity, using gymnotic delivery, at 96 hours at concentrations indicated. In
all cases, luciferase activity was measured and normalised to untreated cells. The
vertical bars represent the mean and the error bars the standard deviation. **
represents p<0.05, *** represents p<0.01, n.s. represents p values that are not
significant. Figure adapted from “Harnessing BET-Bromodomain Assisted Nuclear
Import for Targeted Subcellular Localization and Enhanced Efficacy of Antisense
Oligonucleotides” by Kashyap et al., under CC-BY 4.0.



64 (+)-JQ1-modified antisense oligonucleotides

3004
] 154
250

200+

il

N
o
L

-
o
o

1

(&)}

1

Fold change over untreated
a
o
1

Fold change over untreated

a
o
1

*l e
0 omm
sso + - + - + - sso+ - + - + -

azido-SSO - + - 4+ - 4 azido-SSO - + - +
— — — — — — —
25nM  50nM  100nM 200 nM 5 M 10 uM 20 uM

Figure 2.9: Luminescence values for SSO and azido-SSO activity for (a) transfection
with lipofectamine 2000, at 24 hours, (b) gymnotic uptake at 96 hours at concen-
trations indicated. In all cases, luciferase activity was measured and normalised
to untreated cells. The vertical bars represent the mean and the error bars the
standard deviation. ** represents p<0.05, *** represents p<0.01, n.s. represents p
values that are not significant. Figure re-produced from supplementary information
of “Harnessing BET-Bromodomain Assisted Nuclear Import for Targeted Subcellu-
lar Localization and Enhanced Efficacy of Antisense Oligonucleotides” by Kashyap
et al., under CC-BY 4.0.

Since covalent conjugation with small molecules can alter the cytotoxicity of oligonu-

cleotide therapeutics'™

, an assessment was performed to determine whether the
attachment of (+)-JQ1 affected the baseline toxicity profile of the SSO. Moreover,
(4+)-JQ1 has been shown to inhibit cell proliferation significantly in a dose- and
time-dependent manner in HeLa cells'™. However, covalent addition of (+)-JQ1

resulted in little to no increase in the toxicity of the SSO at any concentration, rel-

ative to its unconjugated form in this HeLa model — assessed through total protein

production quantified by BCA (Figure [2.10h) and CellTiter-Glo (Figure [2.10p).
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Figure 2.10: Covalent addition of (4)-JQ1 resulted in little to no increase in the tox-
icity of the SSO. (a) Cell protein production for indicated SSO treatment over 24h
lipofectamine 2000 transfection quantified by BCA. (b) Viability of the HEK293T
upon SSO and JQ1-SSO treatment evaluated by Cell-Titer Glo. The vertical bars
represent the mean and the error bars the standard deviation. ** represents p<0.05,
**E represents p<0.01, n.s. represents p values that are not significant. Figure
adapted from supplementary information of“Harnessing BET-Bromodomain As-
sisted Nuclear Import for Targeted Subcellular Localization and Enhanced Efficacy
of Antisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0.

2.3.4 Enhanced JQ1-SSO conjugate activity is dependant
upon specific interactions with BET bromodomain

proteins

To confirm that the improved splice switching was driven by BET protein-mediated
nuclear import rather than non-specific binding to cellular proteins, a blockade
assay was conducted using excess small molecule (+)-JQ1. This assay was based
on the hypothesis that excess (+)-JQ1 would saturate BET bromodomain binding
sites, thereby blocking (4)-JQ1-SSO conjugate binding and resulting in a loss of

activity. At low concentrations of (+)-JQ1 (5 nM), the activity of the unmodified
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SSO remained unchanged, but the enhanced activity of the (+)-JQ1-SSO conjugate
at 25 and 50 nM was effectively inhibited (Figure 2.11h). Consistent with the
understanding that the (+)-JQ1-ASO conjugate functions via interaction with BET
proteins, even higher concentrations of 200 nM (+)-JQ1 were required to inhibit the
enhanced activity of the (4)-JQ1-SSO at 100 nM and 200 nM (Figure [2.11p). This

trend was also observed across a broader range of SSO concentrations (Figure [2.12]).
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Figure 2.11: (+)-JQ1-SSO conjugate relies upon BET-protein engagement for en-
hancement of splice switching activity. Competition assay between (+)-JQ1-ASO
conjugate and excess small molecule, (+)-JQ1 at a) 5nM and b) 200 nM results
in loss of enhanced knockdown, assayed by RT-qPCR. Three biological replicates
are shown as diamonds for each condition (each from three technical replicates).
The vertical bars represent the mean and the error bars the standard deviation.
** represents p<0.05, *** represents p<0.01, n.s. represents p values that are not
significant. Figure adapted from “Harnessing BET-Bromodomain Assisted Nuclear
Import for Targeted Subcellular Localization and Enhanced Efficacy of Antisense
Oligonucleotides” by Kashyap et al., under CC-BY 4.0.
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Figure 2.12: (+)-JQ1-SSO conjugate relies upon BET-protein engagement for en-
hancement of splice switching activity over wide range of concentrations. Competi-
tion assay between (4)-JQ1-ASO conjugate and excess small molecule, (+)-JQ1 at
(a) 5nM, (b) 50 nM, and (c) 200 nM. Three biological replicates are shown as dia-
monds for each condition (each from three technical replicates). The vertical bars
represent the mean and the error bars the standard deviation. ** represents p<0.05,
**E represents p<0.01, n.s. represents p values that are not significant. Figure
re-produced from supplementary information from “Harnessing BET-Bromodomain
Assisted Nuclear Import for Targeted Subcellular Localization and Enhanced Effi-
cacy of Antisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0.

Thus, this demonstrated that splice-switching ASO activity can be doubled via a

specific interaction with the BET proteins for enhanced nuclear import.
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2.3.5 Synthesis of JQ1-MALAT1 gapmer ASO conjugate

After achieving an improvement in splice-switching activity, the potential to extend
this approach to RNase H-mediated gene knockdown was tested. Our test sys-
tem was a 20-mer ASO targeting the gold-standard knockdown target metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1), a nuclear-enriched long
non-coding RNA (IncRNA)*. MALATI plays critical roles in gene regulation and

L7576 This nuclear-

metastasis in cancer and is primarily retained in the nucleus
localized target was selected to evaluate knockdown activity specifically within the

nucleus.

In line with the current state-of-the-art for ASO design, the MALAT1-ASO used
was designed as a ‘gapmer’, featuring a fully PS backbone with terminal wings
consisting of five 2"-methoxy-ethyl (MOE) sugar modifications (Figure 2.13h,b). In
this ‘gapmer’ design, the central region of DNA oligonucleotides is recognized by
RNase H, while the flanks of 2’-modified sugars are RNase H-inactive but enhance

nuclease stability and target binding"".

The final (+)-JQ1-MALAT1 gapmer conjugate was prepared using copper-catalysed
click conjugation of the (4)-JQl-alkyne with the 5-azide-MALAT1 gapmer (Ap-
pendix Figure Figure|A.18)). > 90% yields were achieved for all bioconjugation

reactions performed and > 95% purity following HPLC purification.
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2.3.6 JQ1-MALAT1 gapmer ASO outperforms unmodified
MALAT1 gapmer ASO for RNase H-mediated mRNA
knockdown

To evaluate the activity of the (4)-JQ1-MALAT1 gapmer RNase H-active con-
jugate (Figure ,b), MALATI transcript levels were measured using reverse
transcription-quantitative reverse transcription polymerase chain reaction (RT-qPCR)
at 24 hours, comparing the knockdown to the unconjugated and azido-modified
MALAT1 gapmer, normalized to the housekeeping gene GAPDH. Similar to the
SSO conjugate, the (4)-JQI-MALAT1 gapmer conjugate outperformed the uncon-
jugated and azido-modified MALAT1 gapmer at all tested concentrations. The
knockdown potency was improved, resulting in 20.1% 30.2% 56.8% and 54% less
transcript with the (+)-JQ1 modified gapmer treatment compared to the unmod-
ified gapmer at 5, 50, 100, and 200 nM, respectively (Figure 2.13¢). MALATI
degradation was tracked over time by assessing transcript levels through RT-qPCR
at 6, 12, and 24 hours following treatment. A significant reduction in MALAT1I
transcript levels was observed upon treatment with the (4)-JQ1-MALAT1 gapmer

compared to the unmodified gapmer at all time points tested (Figure [2.13d).

To assess uptake in a more clinically relevant manner, gymnotic delivery was con-
ducted with the (+)-JQ1-MALAT1 gapmer conjugate, comparing it to its uncon-

jugated and azido-modified counterparts, at 5, 10, and 20 npM, quantified using
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RT-qPCR as above. The gymnotically delivered (+)-JQ1-MALAT1 gapmer demon-
strated a significant increase in MALAT1 knockdown at all tested concentrations
(Figure 2.13f). For both delivery methods, the unmodified MALAT1 gapmer and
the azido-MALAT1 gapmer exhibited the same MALATI knockdown, as expected
(Figure [2.14), with values lower than those observed with the (+)-JQl-modified
MALAT1 gapmer, indicating that the enhanced knockdown was due to the pres-

ence of the (4)-JQ1 modification.

It was particularly notable that such a straightforward chemical modification could
enhance the efficacy of an RNase H-mediated mechanism of action, beyond splice-
switching, and that this effect was observed for a nuclear-enriched target where
canonical knockdown strategies, like siRNA or shRNAY™®, often display reduced

efficiency.
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Figure 2.13: Covalent-(+)-JQ1 modification of an ASO enhances RNase H-mediated
knockdown. (a) Sequence and chemical modifications for the MALAT1 gapmers
used. (b) Mechanism of RNase H-mediated degradation of the IncRNA MALAT1
by gapmer ASO. RT-qPCR data for MALAT1 knockdown upon lipofectamine
transfection of (4)-JQ1- and unconjugated-gapmer in HEK293T cells for (c) 24
hours at concentrations indicated, (d) a concentration of 200 nM for 6, 12, and 24
hours. (e) RT-qPCR data for MALAT1 knockdown upon gymnosis of (+)-JQ1- and
unconjugated-gapmer in HEK293T cells for 96 hours at concentrations indicated.
For all RT-qPCR, three biological replicates are shown as diamonds for each con-
dition (each from three technical replicates). The vertical bars represent the mean
and the error bars the standard deviation. ** represents p<0.05, *** represents
p<0.01, n.s. represents p values that are not significant. Figure re-produced from
“Harnessing BET-Bromodomain Assisted Nuclear Import for Targeted Subcellular
Localization and Enhanced Efficacy of Antisense Oligonucleotides” by Kashyap et
al., under CC-BY 4.0.
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Figure 2.14: RT-qPCR data for MALAT1 knockdown upon (a) lipofectamine
transfection of unconjugated-MALAT1 gapmer and azido-MALATI1 gapmer in
HEK293T cells for 24 hours at concentrations indicated, and (b) upon gymnosis
of unconjugated-MALAT1 gapmer and azido-MALAT1 gapmer in HEK293T cells
for 96 hours at concentrations indicated. Three biological replicates are shown as di-
amonds for each condition (each from three technical replicates). The vertical bars
represent the mean and the error bars the standard deviation. ** represents p<0.05,
ik represents p<0.01, n.s. represents p values that are not significant. Figure re-
produced from supplementary information of “Harnessing BET-Bromodomain As-
sisted Nuclear Import for Targeted Subcellular Localization and Enhanced Efficacy
of Antisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0.

2.3.7 Improved JQ1-MALAT1 gapmer conjugate activity
relies upon BET bromodomain protein-engagement

As with the SSO, it was investigated whether the enhanced activity of the (+)-
JQI-MALAT1 gapmer depended on specific (4)-JQ1-BET bromodomain protein
interactions. The improvement in knockdown was found to rely on these interac-
tions, as it was lost in the presence of excess amount of small molecule (+)-JQ1
(Figure 2.15). At a dose of 200 nM (+)-JQ1, the activity of the unmodified ASO

remained unaffected but the enhanced activity of the (+)-JQ1-MALAT1 gapmer at
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50, 100, and 200 nM was completely inhibited.
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Figure 2.15: JQI-MALAT1 gapmer enhanced activity dependant on BET-protein
engagement. Competition assay between JQ1-MALAT1 gapmer and excess small
molecule, (+)-JQ1 at (a) 5nM, (b) 50 nM, and (c) 200 nM. Error bars represent
standard deviation. ** represents p<0.05, *** represents p<0.01, n.s. represents p
value not significant. Figure re-produced from supplementary information of “Har-
nessing BET-Bromodomain Assisted Nuclear Import for Targeted Subcellular Lo-
calization and Enhanced Efficacy of Antisense Oligonucleotides” by Kashyap et al.,
under CC-BY 4.0.

Moreover, little to no increase in toxicity was observed for the (4)-JQ1-MALAT1
gapmer conjugate compared to the unconjugated MALAT1 gapmer at all concentra-
tions (Figure . Functional testing was also extended to Ab49 cells, a clinically
relevant lung adenocarcinoma model (Figure , observing a similar trend where

the (+)-JQ1l-modified ASO consistently outperformed its unmodified counterpart.
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mentary information of “Harnessing BET-Bromodomain Assisted Nuclear Import
for Targeted Subcellular Localization and Enhanced Efficacy of Antisense Oligonu-
cleotides” by Kashyap et al., under CC-BY 4.0.
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Figure 2.17: RT-qPCR data for MALAT1 knockdown upon lipofectamine transfec-
tion of unconjugated-MALAT1 gapmer and azido-MALAT1 gapmer in A549 cells
for 24 hours at concentrations indicated. Figure re-produced from supplementary
information of “Harnessing BET-Bromodomain Assisted Nuclear Import for Tar-
geted Subcellular Localization and Enhanced Efficacy of Antisense Oligonucleotides”
by Kashyap et al., under CC-BY 4.0.
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2.3.8 Enhancement in JQ1-MALAT1 gapmer conjugate ac-

tivity due to increased nuclear concentration

Experiments performed by Martina Caddedu, MRC Nucleic Acid Ther-

apy Accelerator

Next, to assess whether the addition of the (+)-JQl-modification increased the nu-
clear localization of the conjugated ASO, immunocytochemistry was performed us-
ing an antibody raised against the PS backbone modification™. HEK293 cells were
transfected with either the unmodified MALAT1 gapmer or the (4)-JQ1-MALAT1
gapmer at 200 nM and 500 nM for 24 hours, followed by immunostaining. Cells
transfected with the unmodified ASO showed localization primarily in the perinu-
clear regions, as previously described for gapmers of this chemical composition®. In
contrast, cells transfected with (+)-JQ1-MALAT1 exhibited a significantly higher
anti-PS signal within Hoechst-stained nuclei compared to those treated with the un-
modified ASO (Figure ,b, Appendix Figure , indicating enhanced nuclear
localization of the JQ1-conjugated ASO. Specificity of the anti-PS immunostaining

was confirmed by the absence of signal in Lipofectamine 2000-only treated cells

(Figure [2.18h, Appendix Figure [A.62).
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Figure 2.18: (+)-JQ1 modification increases concentration of ASO in the nucleus.
(a) Representative immunocyochemistry of HEK293 cells transfected with 200 nM
of the ASOs indicated for 24-hours using antibodies against the PS modifications
(green) and a/b-tubulin (red). Arrows indicate ASO-containing puncta. Images are
maximum intensity projections generated from Z-stacks; magnification 63x, scale
bars as indicated. (b) Quantification of the fluorescent signal ratio between the
PS immunopositive signal (AF488) within Hoechst-stained nuclei from HEK293T
cells treated with the ASO concentrations as shown. Biological replicates represent
random fields of view per condition. Data are shown as the mean + /- SEM. Figure
adapted from “Harnessing BET-Bromodomain Assisted Nuclear Import for Targeted
Subcellular Localization and Enhanced Efficacy of Antisense Oligonucleotides” by
Kashyap et al., under CC-BY 4.0. This data was generated by M. Caddedu, MRC
NATA

Together, these data demonstrate that (+)-JQ1 conjugation can significantly en-
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hance both the splice-switching and gene-knockdown activity of ASOs across multi-
ple cell lines. These functional improvements are dependent on BET protein inter-
actions and consistent with previously reported (+)-JQ1-mediated nuclear trans-

port of cytosolic proteins!é

. Furthermore, the increase in activity correlates with
enhanced nuclear accumulation of the conjugated ASOs, as demonstrated by im-

munocytochemistry.

2.3.9 Synthesis of JQ1-Oblimersen

While MALAT1-targeting antisense oligonucleotides (ASOs) are currently being
evaluated for therapeutic applications, Oblimersen (G3139) is a more advanced
clinical candidate. G3139 is a first-generation 18-mer ASO with a fully PS backbone,
designed to target the anti-apoptotic factor BCL-2. It has progressed to multiple
phase III clinical trials (Figure 2.19h,b). BCL-2 is a critical inhibitor of apoptosis
that is overexpressed in various cancers*®". Despite promising phase I-II results as
a sensitizer for chemotherapy, G3139 failed to show efficacy in phase III trials*&L,
Given that G3139 was well-tolerated by patients, the limiting factor was likely
thought to be sub-cellular compartmentalisation, target engagement and efficacy*£2.
Since G3139 functions as an RNase H-active ASO, similar to the MALAT1 gapmer,

it was examined whether a (+)-JQ1-G3139 conjugate could result in a more potent

drug molecule.

The (+)-JQ1-G3139 conjugate was synthesised using the same copper-catalysed
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click methodology as the previous ASOs. The 5-azide-G3139 was synthesised
from the commercially-obtained 5-amine G3139 PS ASO using azidoacetic acid-
NHS ester functionalisation, and the (4)-JQ1 conjugate was synthesised through

a copper-catalysed click reaction with the (+)-JQl-alkyne (Appendix Figure

Figure [A.20)).

To assess the specificity of the (+)-JQ1 conjugate-mediated activity and evaluate
any potential effects of the (+)-JQ1 moiety when conjugated to an oligonucleotide,
a (+)-JQl-conjugated non-targeting phosphorothioate ASO ((4)-JQ1-NTC-ASO)
control was included in our experimental design. The (+)-JQI-NTC-ASO was

synthesized following the same approach described above (Appendix Figure [A.21).

2.3.10 JQ1-Oblimersen conjugate outperforms unmodified
Oblimersen at both target mRNA and protein level
reduction

The fully PS, RNase H-active G3139, azido-G3139, (4)-JQI-NTC ASO, and (+)-
JQ1-G3139 (Figure[2.19h.,b) were transfected into HEK293T cells and BCL-2 tran-
script and protein levels were measured using RT-qPCR and western blotting re-
spectively after 24 hours. The (4)-JQ1-G3139 conjugate dramatically outperformed
the unconjugated G3139, azido-G3139, and (4)-JQI-NTC-ASO at all tested con-
centrations. On-target activity was improved by 43.9% 51.3% 50.9% and 64.5%

with the conjugated (4)-JQ1-G3139 compared to the unconjugated G3139 at 50,
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100, 200, and 500 nM, respectively (Figure ). A significant reduction in com-

parative protein levels was also observed, particularly at lower ASO concentrations

(Figure [2.19d, Appendix Figure |A.45)).

A time-course study was conducted to profile the kinetics of BCL-2 degradation by
assessing transcript levels via RT-qPCR at 6, 12, and 24 hours following treatment.
A significant reduction in BCL-2 transcript levels was observed with the (+)-JQ1-

G3139 conjugate compared to the unconjugated G3139 at all time points tested.

To assess cellular uptake in a more clinically relevant manner, gymnotic delivery
of the (4)-JQ1-G3139 conjugate was performed, comparing activity to its unconju-
gated and azido-modified counterparts and the (+)-JQ1-NTC-ASO, at 5, 10, and
20 pM, quantified using RT-qPCR as described. Gymnotically delivered (+)-JQ1-
G3139 ASO showed a significant increase in knockdown compared to unmodified

G3139 at all tested concentrations at the RNA level.
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Figure 2.19: (4)-JQ1-G3139 outperformed the unconjugated G3139, a late-stage
clinical ASO. (a) Sequence and chemical modifications for Oblimersen (G3139)
used. (b) Mechanism of RNase H-mediated degradation of BCL-2 mRNA by
a gapmer ASO. (c¢) RT-qPCR data of BCL-2 knockdown upon (+)-JQ1-G3139
and unconjugated-G3139 Lipofectamine transfection in HEK293Ts for 24 hours
at concentrations indicated. (d) RT-qPCR data of BCL-2 knockdown upon (+)-
JQ1-G3139 and unconjugated-G3139 Lipofectamine transfection in HEK293Ts at
500 nM at 6, 12, and 24 hours. (e) RT-qPCR data of BCL-2 knockdown upon
(+)-JQ1-G3139 and unconjugated-G3139 Lipofectamine upon gymnotic delivery in
HEK293Ts at 96 hours at the concentrations indicated. (f) Western blot of BCL-
2 levels upon treatment with G3139 and (+)-JQ1-G3139 upon transfection with
Lipofectamine at 24 hours at concentrations indicated. Normalised to GAPDH
expression levels. Figure adapted from “Harnessing BET-Bromodomain Assisted
Nuclear Import for Targeted Subcellular Localization and Enhanced Efficacy of An-
tisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0.
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In comparison, for delivery by both transfection (Figure ) and gymnosis (Fig-
ure [2.20p), azido-G3139 showed no significant increase in BCL-2 knockdown com-
pared to unmodified G3139, demonstrating that the observed effect was specific to
the covalent (+)-JQ1 modification of G3139. Additionally, the (4)-JQ1-NTC-ASO
showed no significant effect on BCL-2 transcript levels, confirming that the (+)-JQ1

small molecule conjugated to an oligonucleotide alone does not affect activity.
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Figure 2.20: RT-qPCR data of BCL-2 knockdown upon unconjugated-G3139,
azido-G3139, and (+)-JQ1-NTC-ASO (a) transfection for 24 hours, (b) gymnosis for
96 hours in HEK293Tsat concentrations indicated. Figure re-produced from supple-
mentary information of “Harnessing BET-Bromodomain Assisted Nuclear Import
for Targeted Subcellular Localization and Enhanced Efficacy of Antisense Oligonu-
cleotides” by Kashyap et al., under CC-BY 4.0.

2.3.11 Improved JQ1-Oblimersen activity relies upon BET
bromodomain protein-engagement

A blockade assay was conducted using excess small molecule (+)-JQ1, similar to
the approach used with the other conjugates to assess the mechanism of enhanced
(+)-JQ1-G3139 activity. As expected, at both the 5 and 200 nM doses of small

molecule (+)-JQ1, the activity of unmodified G3139 was unaffected. However,
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at 5 nM (4)-JQ1, the enhanced activity of (+)-JQ1-G3139 at 100 nM showed a
significant reduction, and at 200 nM (+)-JQ1, the enhanced activity of (+)-JQ1-
G3139 at 100 nM was fully inhibited (Figure . As observed with previous
(4+)-JQ1 conjugates, little to no increase in cellular toxicity was observed for (4)-

JQ1-G3139 compared to the unconjugated ASO (Figure [2.22)).
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Figure 2.21: Reduction of enhanced BCL-2 knockdown observed in competition
assay in the presence of 5 nM and 200 nM (+)-JQ1. Figure re-produced from
“Harnessing BET-Bromodomain Assisted Nuclear Import for Targeted Subcellular
Localization and Enhanced Efficacy of Antisense Oligonucleotides” by Kashyap et
al., under CC-BY 4.0.
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Figure 2.22: Viability of the HEK293T upon G3139 and JQ1-G3139 treatment eval-
uated by Cell-Titer Glo. Figure re-produced from “Harnessing BET-Bromodomain
Assisted Nuclear Import for Targeted Subcellular Localization and Enhanced Effi-
cacy of Antisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0.

2.3.12 Enhancement in JQ1-G3139 conjugate activity is a
result of increased nuclear concentration

To confirm that the enhanced ASO activity resulted from increased nuclear accu-
mulation, the levels of G3139 and the (+)-JQ1-G3139 conjugate within the nucleus
and cytoplasm were quantified using sub-cellular fractionation. To enable simple
fluorescence-based detection of ASO localization, a (+)-JQ1-G3139-Cy3 conjugate
was synthesised. The (+)-JQ1-G3139-Cy3 conjugate was synthesized as described
above, from the commercially available 5'-terminal amine- and 3'-terminal Cy3-
modified G3139 PS ASO. A 5'-azide was installed using azidoacetic acid-NHS es-
ter functionalization, and the final (+)-JQ1-G3139-Cy3 conjugate was synthesized

through a copper-catalyzed click reaction of the 5-azide-G3139-3'-Cy3 with the

(+)-JQl-alkyne (Appendix Figure |A.22] Figure |A.23]).
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RT-qPCR was first used to confirm that addition of a Cy3 moiety at the 3’ end
of G3139 or (+)-JQ1-G3139 did not affect the knockdown activity observed pre-
viously (Figure [2.23h). The cells were then transfected with either G3139-Cy3 or
(+)-JQ1-G3139-Cy3 for 6, 12, and 24 hours, followed by sub-cellular fractionation
(Figure ) The fluorescence intensity of the cytoplasmic and nuclear fractions

was measured using a plate reader.

A significant increase in the nuclear accumulation of the (4)-JQ1-G3139-Cy3 con-
jugate was observed compared to its unmodified counterpart, at both 200 nM and
500 nM, for all time points. This indicates that the enhanced nuclear accumulation
was driven by the covalent (+)-JQ1 modification (Figure 2.24). Furthermore, the
nuclear and cytoplasmic distribution of G3139 and (+)-JQ1-G3139 at 200 nM and
500 nM was consistent with the activity trends observed at the protein and RNA

levels.
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Figure 2.23: Addition of Cy3 moiety has no effect on JQI1-ASO activity.

of Antisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0.

(a)
RT-qPCR data of BCL-2 knockdown upon G3139-Cy3 and (+4)-JQ1-G3139-Cy3
lipofectamine transfection in HEK293Ts for 24 hours at concentrations indicated;
(b) Western blot for verification of successful cytoplasmic (GAPDH) and nuclear
(MENIN) fractionation upon G3139-Cy3 and (+)-JQ1-G3139-Cy3 lipofectamine
transfection in HEK293Ts for 24 hours at concentrations indicated. Figure re-
produced from supplementary information of “Harnessing BET-Bromodomain As-
sisted Nuclear Import for Targeted Subcellular Localization and Enhanced Efficacy
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Figure 2.24: Enhanced (+)-JQ1-G3139 knockdown activity observed in presence of
increased ASO concentration in the nucleus: percent Cy3 fluorescence normalised
to total fluorescence in nuclear or cytoplasmic fraction upon (+4)-JQ1-G3139 and
unconjugated-G3139 lipofectamine transfection in HEK293Ts for 6, 12, and 24 hours
at concentrations indicated. Figure adapted from “Harnessing BET-Bromodomain
Assisted Nuclear Import for Targeted Subcellular Localization and Enhanced Efficacy
of Antisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0.

Experiment performed by Martina Caddedu, MRC Nucleic Acid Ther-

apy Accelerator

To corroborate these findings, which were based on fluorescently labeled ASOs, anti-
PS immunocytochemistry was performed using (+)-JQ1-G3139 and unconjugated
G3139 without fluorescent tags following a 24-hour transfection at 200 nM and 500
nM. In line with the results from MALAT1-targeted staining, a significant increase
in the nuclear-localised signal was observed for the (4)-JQ1-G3139 conjugate com-
pared to the unconjugated G3139 ASO (Figure , Appendix Figure . As
previously shown, the specificity of the anti-PS immunostaining was confirmed by

the absence of signal in lipofectamine 2000-treated cells.
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Figure 2.25: (4)-JQl-modification increases the nuclear concentrations of G3139.
(a) Representative immunocyochemistry of HEK293 cells transfected with 500
nM of unconjugated and (+)-JQIl-modified G3139 for 24 hours using antibodies
against the PS modifications (green) and a/b-tubulin (red). Arrows indicate ASO-
containing puncta. Images are maximum intensity projections generated from Z-
stacks; magnification 63x, scale bars as indicated. (b) Quantification of the fluores-
cent signal ratio between the PS immunopositive signal (AF488) within Hoechst-
stained nuclei from HEK293 cells treated with the ASO concentrations as shown.
Biological replicates represent random fields of view per condition. The vertical bars
represent the mean and the error bars the standard deviation. ** represents p<0.05,
K represents p<0.01. Figure re-produced from “Harnessing BET-Bromodomain
Assisted Nuclear Import for Targeted Subcellular Localization and Enhanced FEffi-
cacy of Antisense Oligonucleotides” by Kashyap et al., under CC-BY 4.0. This
data was generated by M. Caddedu, MRC NATA
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2.3.13 JQ1-Oblimersen shows enhanced knockdown in clin-
icially relevant leukemia cell line

To test our nuclear localization strategy in a more clinically relevant model, the
activity of the (+)-JQ1-G3139 conjugate was evaluated in THP-1 cells, an acute
myeloid leukemia (AML) cell line. G3139 had previously progressed to phase
IIT clinical trials as a chemosensitiser (chemotherapy sensitisation) in AML for
cytarabine-dosing regimens8%183 highlighting its therapeutic potential. Testing
the conjugate in this context allowed us to assess the feasibility of JQl-mediated

ASO nuclear transport in a disease-relevant setting (Figure 2.26R).

G3139, azido-G3139, (+)-JQ1-G3139, and (+)-JQ1I-NTC-ASO were delivered into
THP-1 cells using electroporation and BCL-2 transcript levels were measured via
RT-qPCR after 48 hours. The (4)-JQ1-G3139 conjugate significantly outperformed
the unconjugated G3139 at all concentrations tested. The modified (+)-JQ1-G3139
showed 23.6% 35.8% and 48.3% less transcript compared to the unconjugated
G3139 at 200 nM, 500 nM, and 1 pM, respectively (Figure [2.26b). Protein-level
knockdown was then confirmed by measuring BCL-2 protein levels after a second
round of electroporation and western blotting at 96 hours. A marked reduction

in protein levels was observed at all tested concentrations, in line with the trend

observed at the RNA level (Figure , Appendix Figure Figure [A.47).
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Figure 2.26: (+)-JQ1-G3139 shows enhanced knockdown and chemosensitisation in
THP-1 cells, a clinically relevant model for AML. (a) Schematic for G3139 mecha-
nism of action in the THP-1 AML cell line. (b) RT-qPCR data of BCL-2 knockdown
upon (+)-JQ1-G3139 and unconjugated-G3139 upon electroporation for 48 hours
at concentrations indicated. (c) Western blot of BCL-2 levels following treatment
with G3139 and (+)-JQ1-G3139 upon two rounds of electroporation at 96 hours
at concentrations indicated. Normalised to GAPDH expression levels. For RT-
qPCR, three biological replicates are shown as diamonds for each condition (each
from three technical replicates). The vertical bars represent the mean and the er-
ror bars the standard deviation. ** represents p<0.05, *** represents p<0.01, n.s.
represents p values that are not significant. Figure re-produced from “Harnessing
BET-Bromodomain Assisted Nuclear Import for Targeted Subcellular Localization
and Enhanced Efficacy of Antisense Oligonucleotides” by Kashyap et al., under
CC-BY 4.0.

As observed previously, azido-G3139 showed no significant difference in BCL-2
knockdown compared to the unconjugated G3139, and the (4)-JQI-NTC-ASO
showed little to no effect on BCL-2 transcript levels. This further confirms that

the increased efficacy of BCL-2 knockdown was attributed to the covalent (+)-JQ1
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modification (Figure [2.27).
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Figure 2.27: RT-qPCR data of BCL-2 knockdown upon unconjugated-G3139, azido-
G3139, and (4)-JQ1-NTC-ASO electroporation in THP-1s for 48 hours at concen-
trations indicated. Three biological replicates are shown as diamonds for each condi-
tion (each from three technical replicates). The vertical bars represent the mean and
the error bars the standard deviation. ** represents p<0.05, *** represents p<0.01,
n.s. represents p values that are not significant. Figure re-produced from supple-
mentary information of “Harnessing BET-Bromodomain Assisted Nuclear Import
for Targeted Subcellular Localization and Enhanced Efficacy of Antisense Oligonu-
cleotides” by Kashyap et al., under CC-BY 4.0.

A blockade assay was conducted next using excess small molecule (+)-JQ1, follow-
ing the same approach used with G3139 in HEK293Ts. This was done to ascertain
whether the same mechanism could be extended to THP-1 cells. The results were
similar to those observed earlier. At both the 5 and 200 nM doses of (+)-JQI,
the activity of unmodified G3139 was unaffected. However, at 5 nM (+)-JQ1, the
enhanced activity of (+)-JQ1-G3139 at 1 pM showed a significant reduction, and at
200 nM (4)-JQ1, the enhanced activity of (+)-JQ1-G3139 was completely lost (Fig-
ure 2.28h). This confirmed that the mechanism of action for the (+)-JQl-mediated

ASO nuclear transport could be extended to THP-1 cells.
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Finally, to evaluate the chemosensitizing potential of (4)-JQ1-G3139, a CellTiter-
Glo assay was performed. THP-1 cells were treated with G3139 alone and in com-
bination with cytarabine to establish a baseline response, followed by treatment
with (+)-JQ1-G3139 alone and in combination with cytarabine (Figure[2.28p). No-
tably, treatment with (4)-JQ1-G3139 resulted in a significantly greater reduction
in cell viability compared to the unconjugated G3139, both as a single agent and

in combination with cytarabine.
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Figure 2.28: (+)-JQ1-G3139 shows enhanced knockdown and chemosensitisation in
THP-1 cells. (a)Reduction of enhanced BCL-2 knockdown observed in competition
assay in the presence of 5 nM and 200 nM (+)-JQ1 assayed by RT-qPCR. (b) Cell
viability upon treatment with G3139 and (+4)-JQ1-G3139 via electroporation for
48 hours as single agents or in combination with cytarabine, at concentrations in-
dicated. For RT-qPCR, three biological replicates are shown as diamonds for each
condition (each from three technical replicates). The vertical bars represent the
mean and the error bars the standard deviation. ** represents p<0.05, *** repre-
sents p<0.01, n.s. represents p values that are not significant. Figure adapted from
“Harnessing BET-Bromodomain Assisted Nuclear Import for Targeted Subcellular
Localization and Enhanced Efficacy of Antisense Oligonucleotides” by Kashyap et
al., under CC-BY 4.0.
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2.3.14 RNA-seq profiling on the specificity and selectiv-
ity of JQ1-Oblimersen in an acute myeloid leukemia
model

To investigate the transcriptional effects of the (4)-JQ1-ASO conjugates, RNA-seq
profiling was conducted in THP-1 cells after a 48-hour treatment with G3139 and
(+)-JQ1-G3139, using NTC-ASO and (+)-JQI-NTC-ASO as the respective con-
trols. RNA-seq profiling was considered essential, as (4)-JQ1 is known to broadly

184 and this approach enabled

modulate transcriptional programs in THP-1 cells
the differentiation of the effects of G3139-mediated knockdown, JQ1-mediated tran-

scriptional changes, and any synergistic interactions from each other.

RNA-seq data was processed by Catherine Chahrour with the Seqnado pipeline

developed by Catherine Chahrour and Alastair Smith, Milne lab.

Transcriptional signature of (4)-JQ1-G3139 draws from both G3139 and

(+)-JQ1-NTC-ASO

Hierarchical clustering demonstrated that JQ1-G3139 induces a global gene ex-
pression pattern more closely aligned with G3139 than with the JQ1-NTC-ASO
control. Heatmap of the top 50 up- and down-regulated genes highlighted this sim-
ilarity, suggesting that the G3139 ASO component contributes substantially to the

transcriptional signature of the conjugate (Figure [2.29)).
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Figure 2.29: (+)-JQ1-G3139 induces a transcriptional program more closely aligned
with G3139 than with (4)-JQ1-NTC-ASO. Global transcriptomic changes across
treatment groups, electroporation control, (4)-JQ1-G3139, G3139, NTC-ASO, and
(+)-JQLI-NTC-ASO in THP-1 cells. Heatmap displaying the top 50 upregulated
and top 50 downregulated genes (ranked by absolute (log,(FoldChange)) relative to
electroporation control) across all treatment groups in THP-1 cells. Gene expression
values are row-wise Z-scores of normalized expression.

Lipid metabolism suppression unique to (+)-JQ1-G3139

To investigate transcriptional programs uniquely suppressed by the (4)-JQ1-G3139
conjugate, significantly downregulated genes unique to this treatment group were
identified. Hierarchical clustering of these genes revealed a prominent enrichment
for regulators of lipid metabolism (Figure ), including SCD, FASN, INSIG1,

HMGCS1, and multiple genes involved in cholesterol and fatty acid biosynthesis.
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Importantly, this suppression was not observed in the G3139 or (+)-JQ1-NTC-ASO
treatments, indicating a synergistic effect of G3139-mediated BCL-2 knockdown

and (+)-JQ1-mediated BRD4 inhibition.

Expression of master lipid metabolic regulators SREBF1 and SREBF2, as well as
their transcriptional targets SCD and FASN, was significantly reduced only in the
(4)-JQ1-G3139 group (Figure 2.31}), despite minimal change in MYC expression.
Many of these lipid metabolism genes are known targets of the transcription factors
SREBF1 and SREBF2, which are regulated downstream of MYC. Interestingly,
although MYC mRNA levels were not significantly reduced, coordinated suppres-
sion of SREBP target genes suggests a functional disruption of this regulatory axis.
Thus, BRD4 inhibition (via (4)-JQ1l-moiety) may cooperate with G3139-mediated
BCL-2 knockdown to functionally repress the MYC-SREBP axis activity with-
out directly lowering MYC mRNA levels. Other possibilities include transient or

post-transcriptional MY C suppression or MY C-independent mechanisms.

Gene set enrichment analysis (GSEA) confirmed selective repression of hallmark
pathways including “Fatty Acid Metabolism,” “Cholesterol Homeostasis,” “MYC
Targets,” and “mTORC1 Signaling” (Figure [2.31p), further supporting a broad
transcriptional reprogramming of lipid metabolic gene networks specifically in re-
sponse to the conjugate. These findings show the potential of combinatorial target-

ing strategies to disrupt lipid homeostasis in a context-specific manner—combining

G3139-mediated BCL-2 knockdown and (+)-JQ1-mediated BRD4 inhibition.
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Figure 2.30: (4)-JQ1-G3139 selectively downregulates lipid metabolism genes and

95

MYC-SREBP target programs. Heatmap showing hierarchical clustering of genes
significantly downregulated only in the (4)-JQ1-G3139 treatment group. Many
genes are involved in fatty acid and cholesterol biosynthesis, including targets of

SREBF1/2. Values are Z-score normalized expression.
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Figure 2.31: (4)-JQ1-G3139 selectively downregulates lipid metabolism genes and
MYC-SREBP target programs. (a) VST-normalized expression of selected genes,
including key lipid metabolic enzymes (SCD, FASN), transcriptional regulators
(SREBF1, SREBF2), and MYC. Only (+)-JQ1-G3139 induced significant repres-
sion of these targets. (b) Gene set enrichment analysis (GSEA) of differentially ex-
pressed genes in the (+)-JQ1-G3139 group. Pathways related to lipid metabolism,
MYC signaling, and mTORCI1 signaling were selectively downregulated. Dot size
reflects statistical significance ((—log;o(FDR))); NES indicates direction and mag-
nitude of enrichment.
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Convergence of BRD4 inhibition targets for (4)-JQ1-G3139 and (+)-

JQ1-NTC-ASO

(+)-JQ1-G3139 and JQ1-NTC-ASO shared a core set of downregulated genes
that reflected hallmark features of BRD4 inhibition, particularly the suppression of
MY C-driven transcriptional programs and cell cycle regulators. Functional an-
notation of these genes revealed coordinated repression across multiple BRD4-
regulated transcriptional axes, including TP53- and SMAD-mediated transcription,
RNA polymerase II activity, and FOXO-regulated cell cycle control (Figure[2.32h).
Additionally, there was a broad silencing of chromatin remodeling and epigenetic
regulatory programs, such as those involving SWI/SNF complexes, SUMOylation,
and ATP-dependent chromatin remodelers. Suppression of RUNX-, AP1/2- and
SMAD-family transcription factors further suggested disruption of key developmen-
tal and differentiation-associated transcription networks (Figure [2.32h). This broad
repression of chromatin- and transcription-associated pathways is consistent with

the known role of BRD4 in orchestrating enhancer—driven gene expression.

Both conjugates also downregulated a conserved set of canonical MYC targets, cell
cycle regulators, and DNA replication factors, such as E2F2, TOP2A, AURKA,
CDKI1, and MCM2/4. Genes in metabolic reprogramming such as HK2, LDHA,
and SLC2A1 were also suppressed (Figure [2.32p). This shared signature reinforces
that the BRD4 blockade was functionally retained—thus, despite conjugation to an

ASO, (4)-JQ1 moiety is able to preserve its transcriptional silencing activity.
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Figure 2.32: BRD4 inhibition and transcriptional repression retained across both
(+)-JQl-conjugated ASOs. (a) Downregulation of BRD4-regulated genes in
MYC, cell cycle, DNA replication, and metabolic programs. Bar plot showing
— log,(Foldchange) (vs. electroporation control) for selected genes significantly
downregulated by both (4)-JQ1-G3139 and JQI-NTC-ASO. Genes are grouped
by functional annotation. (b) Functional categories of transcriptional programs
downregulated by (+)-JQ1-G3139 and JQI-NTC-ASO. Shared downregulated
genes span BRD4-regulated transcriptional modules, including TP53-, SMAD-, and
FOXO-mediated transcription, chromatin remodeling (SWI/SNF, SUMOylation),
and RNA polymerase II-dependent gene expression.
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Induction of apoptosis by BCL-2 knockdown observed in both G3139

and (+)-JQ1-G3139

Gene expression analysis also revealed that both the (4)-JQ1-G3139 and G3139
conjugate show consistent induction of apoptosis- and differentiation-associated
transcriptional programs. Both treatments downregulated anti-apoptotic genes (for
example, BCL2, BIRC5) (Figure [2.33h), and increased expression of pro-apoptotic
effectors (for example, CASP3, CASPS), consistent with engagement of the intrinsic
apoptotic pathway. Moreover, genes linked to monocyte/macrophage differentiation
(for example, CD14, CSF1R, CEBPB, S100A8/A9) were strongly upregulated, par-

ticularly in the (4)-JQ1-G3139 condition.

Pathway enrichment analysis of the differentially expressed genes confirmed signifi-
cant over-representation of gene sets associated with apoptosis, including “Intrinsic
Pathway for Apoptosis” and “Regulation of Apoptosis,” as well as “Defective In-
trinsic Pathway for Apoptosis” (Figure [2.33b). Together, these data support the
conclusion that the G3139 sequence retains biological activity in the context of
the (4)-JQ1-G3139 conjugate, promoting both apoptotic and differentiation path-
ways. Such transcriptional programs are considered therapeutically desirable in
AML models like THP-1, where loss of self-renewal and terminal differentiation are

associated with anti-leukemic efficacy.
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Figure 2.33: (4)-JQ1-G3139 and G3139 activate apoptotic and differentiation gene
expression programs in THP-1 cells. (a) (— log,(FoldChange)) fold changes in gene
expression (relative to electroporation control) for genes involved in apoptosis and
myeloid differentiation following treatment with G3139 or (4)-JQ1-G3139. Color
bars above indicate functional categories. (b) Reactome pathway analysis for enrich-
ment for apoptosis-related pathways among upregulated genes in both treatments.
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nificance (—log;,(FDR)), and x-axis indicates fold enrichment.
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2.4 Discussion

We present a novel, straightforward, and widely applicable chemical strategy to
enhance the nuclear localization and potency of antisense oligonucleotides (ASOs)
through covalent conjugation with the small-molecule BET-bromodomain ligand,
(4+)-JQ1. This modular approach markedly improves ASO efficacy across a range of
targets, diverse backbone chemistries, both transfection-based and gymnotic deliv-
ery methods, and the two primary ASO mechanisms of action—RNase H-mediated
degradation and splice modulation. The ASO chemistries and mechanisms featured
here are utilized in multiple clinically approved nucleic acid therapeutics, highlight-

ing the translational relevance of this work.

By showing that conjugation to (+)-JQ1 promotes nuclear accumulation of ASOs in
a BET bromodomain-dependent manner, we expand upon existing literature that
positions (+)-JQ1 as a nuclear importer. Our results highlight the critical impor-
tance of directing therapeutic agents to their intended site of action. Enhancing
ASO nuclear localisation has led to improved therapeutic efficacy. In doing so, we
establish that nuclear localization is essential for maximizing ASO activity in both

splice modulation and RNase H-driven knockdown contexts.

Notably, we apply our strategy to Oblimersen, a well-characterized ASO targeting
BCL-2, which has reached Phase III clinical trials but failed to demonstrate strong

efficacy. Through covalent conjugation with (+)-JQ1, we substantially enhance
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Oblimersen’s nuclear localization, BCL-2 knockdown efficiency, and chemosensiti-
zation potency in a clinically relevant AML model. Our approach may similarly

enable other under-performing ASO drugs to become more potent therapeutics.

The modular nature of this technology opens exciting possibilities for future ap-
plications. By demonstrating that small molecules can be potent effectors of ASO
subcellular compartmentalization and thus, functionality, we pave the way for the
development of advanced therapeutic strategies through small molecule conjuga-
tion. The integration of small molecules to manipulate cellular environments and
target sites offers a promising approach to enhance therapeutic outcomes of nucleic

acid-based therapeutics.

While this work focuses on the proof-of-concept application of (+)-JQ1 as a nu-
clear localization enhancer, BET bromodomain ligands like JQ1 can have broader
transcriptomic effects due to their role as epigenetic modulators. Future work must
explore alternative ligands or delivery strategies to minimize off-target transcrip-
tional consequences while retaining nuclear targeting efficiency. Additionally, it will
be important to elucidate the precise mechanism of nuclear accumulation, including
whether it occurs via active transport or passive retention. Linker architecture may
also impact cellular uptake, nuclear import, or conjugate orientation. In this con-
jugate design, a minimal azido-acetic acid linker is employed for its simplicity and
high-yielding conjugation, but future iterations will explore linker length, polarity,

and flexibility to further optimize intracellular trafficking and nuclear localization.
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This work contributes to the rapidly advancing field of bi-functional molecules,
which combines multiple distinct functionalities into a single entity*®¢. This conver-
gence allows our approach to be situated within a broader framework of therapeutic
innovation, capitalizing on the synergy between small-molecule ligands and nucleic

acid-based modalities.

In conclusion, this work offers a compelling demonstration of how small molecules
can be used to enhance ASO activity through improved nuclear localization, span-
ning multiple targets and mechanisms. The modularity of this platform, along with
its compatibility with emerging bi-functional therapeutic strategies, positions it as

a powerful tool for future nucleic acid-drug development.



Chapter 3

Exploring RNase L recruitment via an Activator-
ASO conjugate for knockdown of the MLL-AF4

fusion oncogene

3.1 Introduction

Genetic factors contribute to the pathogenesis of all diseases, with variable pene-
trance. Nucleic acids are thus poised to be a powerful therapeutic modality—simple
base-pair complementarity allows for targeting of a variety of pathologically relevant
proteins, without prior knowledge of structure, function, or cellular location*&763,
Antisense oligonucleotides, one such class of nucleic acid therapeutics, are short,
synthetic single-stranded DNAs that alter protein expression at the transcriptional
level by binding to mRNA"®8, ASOs lead the race as clinically viable candidates

with nine approved drugs on the market, targeting mainly Duchenne Muscular Dys-

trophy and Spinal Muscular Atrophy"®”. ASOs have also been employed as highly

104
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personalised “n-of-1” therapies, such as Milasen, designed specifically for a patient

with Batten disease’8?.

Although initially considered poor drug candidates, ASOs have undergone exten-
sive optimization to yield favorable pharmacological and pharmacokinetic proper-

tiest2,

Chemical modifications of the backbone, sugar, and nucleobase have im-
proved stability and cellular delivery while maintaining efficacy®®. ASOs can be
broadly divided into two classes based on their mechanism of action: RNase H-
active and steric-blocking. RNase H-active ASOs rely on recruitment of RNase H
to the DNA-RNA duplex to degrade the RNA transcript'®®. These ASOs have
negatively charged backbones that can pose toxicity issues and limit cell delivery.

Furthermore, RNase H is localized in the nucleus, where mature mRNAs are largely

absent.

In contrast, steric-blocking ASOs, such as phosphorodiamidate morpholino oligomers
(PMOs) or fully modified 2'- OMe sugars cannot recruit RNases and instead block
specific mRNA functions, such as splicing®®”. While five PMO drugs are currently
on the market, they are not catalytic and require high, stoichiometric doses for

efficacy.

A key aim of this chapter is to harness an alternate biochemical pathway for cat-
alytic mRNA degradation: the potent cytoplasmic RNase L response. By conju-

gating RNase L recruiters to RNase-inactive ASOs into catalytically active drugs,
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leading to improved target engagement and lower drug doses. Moreover, activat-
ing a cytoplasmic endoribonuclease may also improve access to mature mRNAs,

potentially outperforming conventional RNase H-active ASOs.
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Figure 3.1: Anti-viral RNase L pathway: different modes of activation. (a) Bio-
chemical activation of RNase L pathway is directed by the presence of 2'-5" linked
oligoadenylates that trigger dimerization and bring about RNase activity. Figure
adapted from “Interferon-inducible antiviral effectors” by Sadler et al., reproduced
with permission from Springer Nature. (b) Activation (EC50) of RNase L in re-
sponse to endogenous activator, 2’-5" linked triadenylate. (c) Activation (EC50)
of RNase L in response to small molecule, thiophenaniline. Figure adapted from
“Small-molecule activators of RNase L with broad-spectrum antiviral activity” by
Thakur et al., under CC BY-NC-ND 4.0.

The interferon-inducible 2'-5'-Oligoadenylate Synthetase (OAS)/RNase L system
is a well-characterized antiviral pathway activated by double-stranded RNA192:193,
Interferons induce expression of OAS enzymes, which, upon activation by viral
dsRNA, synthesize 5'-triphosphorylated, 2',5" - linked oligoadenylates (2-5A). These

activate RNase L, leading to cleavage of both viral and host RNAs, suppression of

replication, and apoptosis of infected cells (Figure )

The endogenous activator 2-5A has been conjugated to ASOs to achieve RNase L-
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mediated degradation of viral transcripts, including the SARS-CoV-2 spike protein
and RSV transcription elongation factor™ (Figure [3.1b). Bifunctional molecules
such as RIBOTACs (RIBOnuclease TArgeting Chimeras), which combine 2-5A with
RNA-binding moieties, have also been shown to recruit RNase L for degradation of
structured RNA targets like microRNA precursorst 9, However, the use of small-
molecule-ASO conjugates to engage RNase L for targeted mRNA degradation has

not yet been explored.

3.2 Aims

In this chapter, a small molecule activator of RNase L, based on an anilinothiophene

97 was used instead of established 2-5A ligand to recruit RNase

carboxylate core
L for ASO-mediated mRNA degradation. While this compound has moderate ac-
tivity (ECso ~ 25 uM), its lower activation potential may allow selective mRNA
degradation without triggering broad cytotoxic responses (Figure ) This scaf-
fold has been applied to RIBOTAC designs targeting microRNAs, but it has not yet

been conjugated to ASOs (for mammalian targets). This chapter was aimed at the

synthesis and evaluation RNase L-ASO conjugates for targeted mRNA knockdown.

As a proof of concept, it was aimed to demonstrate that these ASO-RNase recruiter
conjugates could be used to knock down the MLL-AF4 fusion protein that drives
a form of acute lymphoblastic leukemia (ALL), one of the most common childhood

and infant cancers. Most childhood ALL is curable, but a subset of ALLs caused by
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a chromosomal translocation of the Mixed lineage leukemia gene, more prevalent in
infant patients, remains incurable. The translocation event leads to the rearrange-
ment of the MLL gene (MLL/KMT2A), giving rise to MLL-rearranged leukemias
(MLL-1)18, MLL rearrangements fuse the gene in frame to a large number of differ-
ent fusion partners (MLL-FP), the most common of which is AF4 (Figure [3.2h)1%.
AF4 is a member of the Super Elongation Complex, a complex of proteins that serve
as a checkpoint for transcriptional elongation??%20L While wild type MLL is respon-
sible for the expression of key developmental HOX genes in normal hematopoietic
stem/progenitor cells for proliferation, survival and differentiation, the MLL-AF4
fusion protein has the ability to transform hematopoietic cells at different devel-
opmental stages into leukemic cells possessing stem-like properties?92293  This is
generally attributed to the chromatin-modifying activities of the MLL-FP protein
that drives aberrant gene expression — binding at promoters of several key onco-
genes and upregulating expression by recruiting elongation-associated factors. This
unique fusion protein has a unique mRNA sequence (Figure[3.2b), absent in healthy
cells, that provides an excellent opportunity for nucleic-acid based approaches (Fig-
ure ) —moving beyond the current therapeutic landscape that aims at targeting

transcription factors/binding partners.

siRNA sequences have been developed that successfully knock down MLL-AF4,
thereby reversing the leukemia phenotype?®. In this work, a drug-like ASO with

comparable activity was first established and subsequently designed for conjugation



3.2 Aims 109

(@)

__AF4 Leukemia  MLI-AF4 ! AF4-MLL
MLL 4921 Translocation W)

11923
(b)
Fusion mRNA transcribed l

RNase L

Leukemia

JAVAVAYA \f\ﬁffwm\'\'\'{l\“x

ASO targeting fusion junction L“o-\_o

(c)

Ho, o]

o=
~° % RNase L ligand

(d)
Fusion protein knockdown

Cancer phenotype recovery

Figure 3.2: RNase L recruiter-ASO conjugate for MLL-AF) leukemias.(a) A subset
of incurable acute lymphoid leukemias is caused by the chromosomal translocations
of the Mixed lineage leukemia, MLL (11g23) gene. The most common fusion part-
ner of such MLL-rearrangement leukemias is AF4 (4q21). (b) The MLL-AF4 fusion
mRNA is a unique sequence that has the potential of being targeted by ASOs. (c)
Activating the cytoplasmic RNase L pathway, the RNase L recruiter-ASO conju-
gates may allow for selective degradation of the fusion mRNA. (d) Knockdown of
the fusion mRNA leads to a knockdown of the MLL-AF4 protein, rescuing the can-
cer phenotype.

to the RNase L recruiter in order to assess knockdown efficacy (Figure [3.2k,d). A
comparative analysis with the unmodified parent ASO was planned to evaluate
whether RNase L-ASO conjugates could enhance target knockdown, reduce dosage
requirements, and achieve a greater degree of phenotypic rescue.

The objectives of this chapter were as follows:

¢ Design and in vitro validation of ASOs that selectively knockdown the MLL-AF4

fusion transcript
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¢ Synthesis and characterisation of high purity RNase L-ASO conjugates

¢ Biological testing of RNase L-ASO conjugates in MLL-AF4 leukemia cells

3.3 Results

3.3.1 Generation of truncated MLL-AF4, MLL, and AF)
for ASO design

Full length sequences for the MLL-AF} fusion transcript, MLL (KMT2A), and
AFj were obtained from GenBank. The fusion junction for MLL-AF4 oncogene
was identified in the SEM cell line (established from a specific patient?®¥) through
sequence alignment, and used to define the target region for ASO optimisation

studies.

To identify regions suitable for ASO binding, a range of RNA fragments (0.5-5
kb) centered around the fusion breakpoint were evaluated for secondary structure
using RNA secondary structure prediction software, Forna?’¢. Based on structural
accessibility and targeting by ASOs, fragment lengths of 1500 nt for MLL-AF4, 1450
nucleotides (nt) for MLL, and 1550 nt for AF were selected for further experiments

(Appendix Table |A.1)).

To generate templates for generating RNA fragments via in vitro transcription

(IVT), the selected fragments were cloned into a plasmid backbone derived from
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the DHFR control plasmid supplied with the NEB PURExpress In Vitro Protein
Synthesis Kit. The DHFR backbone was PCR-amplified, and used for all constructs

to ensure consistency.

The MLL and AF/ inserts were PCR-amplified from a previously prepared hMLL-
AF/ plasmid?”. The MLL-AF/ insert corresponding to the SEM cell line fusion
transcript was obtained as a 1498 nt synthetic gene block. All constructs were

assembled via homologous recombination and sequence-verified prior to use.

3.3.2 Designed ASOs show effective MLL-AF4 knockdown
efficacy and little-to-no off-target effects in in wvitro
RNase H assay

Each construct was used as a template for IVT to generate RNA transcripts for
MLL-AF4, MLL, and AF/. Transcripts were then purified and incubated with a
panel of fusion junction-targeting ASOs (Figure [3.3p) in the presence of RNase
H (Figure ) Reactions were analyzed by denaturing polyacrylamide gel elec-

trophoresis to assess target RNA degradation.

The RNase H assay revealed robust and selective degradation of the MLL-AFY
fusion transcript by all ASOs tested (Figure [3.3¢). In particular, the wild-type
MLL and AFJ/ RNAs were not degraded under identical conditions, indicating

no off-target activity. These results demonstrate that the selected 1500 nt region
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around the fusion breakpoint is a suitable and specific target for ASO-mediated
RNase H cleavage. This high specificity of the ASO against MLL-AF/ establishes

a solid foundation for downstream conjugate development and functional testing.
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Figure 3.3: RNase H-based optimisation or ASO sequence for targeting the MLL-
AF4 fusion transcript. (a) Sequence of MLIL-AF4 fusion mRNA targeted by ASOs
and the positioning of various ASOs around the fusion junction. (b) Principle of the
RNase H assay: RNase H degrades ASO-mRNA (DNA-RNA) duplex. (c¢) RNase
H assay for the identification of promising sequences, 16mer, 18mer, 20mer that

degrade MLL-AF4 RNA but not MLL or AF4 RNA.

3.3.3 Designed ASOs show effective MLL-AF4 knockdown

efficacy in MLL-AF4 leukemia model, SEM cell line

Initial ASO sequence optimisation via RNase H assay yielded promising candidates
that were subjected to initial functional validation in SEM2% cells. SEM cells were

electroporated with the designed ASOs at a concentration of 250 nM—along with
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the previous developed siRNA2%: siMA6 at the same concentration as the positive
control. Cutting-edge ASO chemistries were tested in addition to the standard PS
linkages (Figure [3.4h), ie. a 16mer LNA gapmer containing 3-base pair (bp) wings
containing the ribose sugar with 2/, 4’- methylene bridge was tested along with a
20mer MOE gapmer containing containing 5-bp wings of 2’-methoxyl-ethyl ribose
sugar. Transcript levels for MLL, AF/, and MLL-AFj were assayed by RT-qPCR

at 48 hours after the cells had recovered from electroporation.

The LNA gapmer sequence proved to be the most promising candidate—with the
highest levels of MLL-AF/ knockdown and negligible MLL and AF/ knockdown
(Figure ) As previous reported in the literature, although siMA6 showed the
most potent MLL-AF/ knockdown, significant MLL and AF/ knockdown was also
observed?™. The other PS ASOs and the MOE-modified ASO also showed moderate
knockdown of MLL-AF4, but lacked the favorable specificity and potency profile of
the LNA gapmer. Overall, the data highlight the superior balance of potency and
selectivity offered by the LNA gapmer in targeting the MLL-AF4 fusion transcripts

even compared to the siMAG siRNA.

3.3.4 Synthesis of high purity RNase L-ASO conjugates

The small-molecule RNase L activator has previously been synthesised and func-

tionalised for conjugation to small molecules. Similar chemistry was used for nucleic

95

acid bioconjugation®®. The synthesis for the functionalised RNase L recruiter is
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Figure 3.4: Designed ASOs show selective MLL-AFj knockdown in SEM cell line.
(a) Sequence and chemistry for panel of ASOs designed for cell testing. (b) RT-
qPCR data for knockdown of MLL-AF}, MLL, and AFj at 48 hours upon 250 nM
ASO treatment via electroporation.

as follows (following literature procedure’®): first step, involves the formation of
a substituted anilinothiophene core via condensation of ethyl acetoacetate, phenyl
isothiocyanate, and a diester chloride under basic conditions. The second step
involves an etherification reaction between the catechol and the tosylated PEG-
alcohol under basic conditions in N,N - dimethylformamide at 90°C overnight. The
resulting ether derivative is then subjected to microwave-assisted Knoevenagel con-
densation with the anilinothiophene core to afford the PEG-linker functionalised
RNase L recruiter.

We diverged from literature procedure by further functionalisation of the PEG-
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Figure 3.5: Synthesis scheme for RNase L recruiter-ASO conjugate. (a) Synthesis
scheme for RNase L recruiter and its chemical functionalisation for nucleic acid bio-
conjugation. (b) Conditions used for nucleic acid bioconjugation — using pentaflu-
orophenyl carbonate end group on RNase L ligand and 5'-terminal amine on ASO.

(c) Sequence of ASO used for nucleic acid bioconjugation, same as antisense strand
of siMAG, previously developed siRNA204,

linker of RNase L recruiter into a PFP carbonate-ester to allow formation of a car-
bamate linkage—with the commercially available, 5'-terminal amine-functionalised
PS-modified ASO. Thus, the PEG-linker was activated by formation of a pentaflu-
orophenyl (PFP) ester—introduced under mild conditions using triethylamine at
room temperature, for downstream nucleic acid bioconjugation (Figure ,b). Ini-
tial reaction optimisation was performed with unmodified sugars, and a fully PS

backbone with a sequence identical to the antisense strand of the siRNA previously



116 RNase L ligand-antisense oligonucleotide conjugates

shown to knockdown MLL-AFj (Figure [3.5¢).

Prior to proceeding with the bioconjugation, confirmation was obtained that the
correct regioisomer (para-isomer) was isolated from the etherification in the sec-
ond step. This represented a key bottleneck in the overall synthesis, as only the
desired regioisomer could be carried forward. Modification with the PEG-linker
at the meta position yielded the inactive RNase L ligand, making correct regioiso-
mer isolation essential for downstream biological activity. 2D-NMR, spectroscopy,
specifically NOESY (Nuclear Overhauser Effect Spectroscopy), was performed to
determine regioisomeric composition of the etherification reaction (Figure [3.6h).
This analysis verified the substitution pattern on the catechol ring, ensuring the
desired regioisomer was obtained (Figure [3.6b).

The bioconjugation reaction was optimised at an oligonucleotide concentration of
~10uM (approximately 700ng scale), using a large excess of the small molecule
(12.5mM). This resulted in a reaction conversion of approximately 80% and ex-
cellent purity. Importantly, this bioconjugation strategy is independent of both
oligonucleotide sequence and backbone chemistry. The modified ASOs were subse-
quently purified via high-performance liquid chromatography (HPLC) (Figure
and characterised via denaturing PAGE (Figure ) and mass spectrometry (Fig-
ure ,c). However, subsequent attempts to scale-up the reaction led to < 60%
conversion and poor separation/purity unfit for in vitro testing. The intrinsic insta-

bility of the ligand was a key limitation: potentially, the exo-cyclic double bond was
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Figure 3.6: 2D-NMR characterisation of regioisomers of key intermediate compound
for RNase recruiter synthesis. (a) Reaction scheme for PEG-tosylate addition to
catechol at both m- and p- positions of benzaldehyde ring, resulting in regioiso-
mers. (b) NOESY showing proton-coupling through space — interaction between
benzaldehyde CHAr and CH2 of PEG-tosylate showing the right regioisomer is iso-
lated.

prone to side reactions, which produced additional side products and contributed to
incomplete conversion. This was observed both during the basic reaction and purifi-
cation conditions. These issues were further exacerbated by solubility constraints,
which impeded both the reaction and downstream purification. Importantly, such
challenges became pronounced only upon scale-up, as smaller-scale reactions had
not revealed the same degree of instability or inefficiency. The overall process was

thus economically untenable.
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mass for

peak, t=6.41 corresponds to predicted mass for RNase L recruiter-ASO
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3.4 Discussion

This chapter aimed to establish the design and synthesis of RNase L recruiter-
ASO conjugates for the selective knockdown of the leukemogenic MLL-AF} fusion
transcript. This work explored the design of antisense oligonucleotides (ASOs) that
specifically target the unique fusion junction of MLL-AFJ. In parallel, this work also
explored the chemical feasibility of synthesising RNase L activator-ASO conjugates
to harness RNase L as a novel mechanism for targeted mRNA degradation. This
strategy extends beyond traditional RNase H- or RN Ai-based approaches and offers

a new paradigm for cytoplasmic mRNA knockdown.

A key strength of this approach lies in the specificity and selectivity of the designed
ASOs for MLL-AF/ knockdown. In vitro RNase H assays confirmed potent and
selective degradation of the MLL-AF/ fusion transcript without observable off-
target cleavage of wild-type MLL or AF4 mRNAs. This specificity was retained in
cellular assays, with LNA-modified gapmers showing the most robust knockdown
of the fusion transcript and negligible suppression of endogenous MLL or AFJ.
Compared to the benchmark siRNA siMAG, the LNA gapmer offered comparable
potency with markedly improved specificity—mitigating the undesirable off-target

MLL or AF/ knockdown observed with siMAG6.

The chemical synthesis of the RNase L recruiter was adapted from prior work on

small-molecule RNase L activators'® and was further tailored for nucleic acid conju-
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gation via a pentafluorophenyl carbonate-activated PEG linker. Through 2D-NMR
(NOESY) characterization, the correct regioisomer for PEG conjugation was veri-
fied, ensuring stereochemical fidelity for downstream applications. Bioconjugation
to a b'-amine-modified PS-ASO was efficient (~80% conversion) under mild aqueous
conditions, and the resulting conjugates were successfully purified by reverse-phase
HPLC and confirmed by mass spectrometry. Notably, the bioconjugation chemistry
is both sequence- and backbone-independent, allowing for broad adaptability across

different ASO platforms.

However, scale-up attempts of the bioconjugation reaction resulted in diminished
yields and low purity, highlighting a current bottleneck in the translational potential
of this platform. In particular, the RNase L recruiter ligand showed high instability:
potentially, its exo-cyclic double bond was highly susceptible to side reactions such
as hydrolysis, leading to the wrong conjugation products and incomplete conversion.
These effects, compounded by poor solubility, interfered with both the reaction and
downstream purification. While smaller-scale reactions had appeared manageable,
these limitations became pronounced during scale-up, rendering the process ineffi-
cient and economically impractical. Thus, optimization of reaction stoichiometry,
HPLC purification protocols, and the solubility and stability of the hydrophobic
recruiter ligand may be required to support larger-scale synthesis suitable for in
vitro and in vivo functional validation. Future work should also aim to improve

linker strategies or establish alternative conjugation chemistries to ensure robust
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scalability.

While the RNase L recruiter-ASO conjugates were not functionally validated in cells
due to scale-up limitations, the chemical validation establishes a solid foundation for
future functional evaluation. Future work must focus on the chemical optimisation
and in vitro validation of the conjugates in SEM cells. Furthermore, transcriptome-
wide off-target profiling and cytotoxicity assays will also be essential to determine
the selectivity and safety profile of the developed conjugates. It is worth noting
that the recruiter itself demonstrated only modest potency, further undermining its
suitability as a lead candidate in light of these synthetic and purification challenges.

U were not explored further, as their potency

Additional analogues in the literature?
was within a similar range and their efficacy in the oligonucleotide context was
considered doubtful. Future iterations must thus explore SAR-guided optimisation

of the RNase L recruiter to enhance its potency while minimising non-specific RNase

L-mediated global RNA decay.

In conclusion, this work establishes promising ASO candidates for the knockdown of
MLL-AFJ fusion transcripts in the SEM leukemia model. It also lays the foundation
for a chemical strategy to enable the synthesis of RNase L recruiter-ASO conjugates,
with a clear scope to improve conjugation chemistry. The strategy of combining
steric-blocking ASOs (with favourable safety and biodistribution properties) and
RNase L recruitment (for catalytic mRNA degradation in the cytoplasm) represents

a conceptually powerful therapeutic mechanism.



Chapter 4

Designing small-molecule ASO conjugates to har-

ness the lysosome for targeted mRNA degradation

4.1 Introduction

Nucleic acid therapeutics represent a promising class of drugs because of their ex-
ceptional specificity in targeting genetic pathways®. One such class of therapeutics:
ASOs are short, synthetic DNA strands that regulate gene expression by binding
to RNA through sequence complementarity. Approved ASO drugs function via two
principal mechanisms: they either modulate pre-mRNA splicing or induce RNA
degradation through RNase H activation®*?. Despite notable clinical success, most
approved ASOs are limited in scope: both in the range of diseases they address and

in their primary mechanisms, which predominantly occur within the nucleus.

Splice-modulating ASOs must operate within the nucleus through specialised mech-

anisms, where pre-mRNA resides?™t. These ASOs bind to pre-mRNA transcripts

122
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to influence their splicing into mature mRNA | offering a potent therapeutic strat-
egy for genetic disorders caused by aberrant splicing. In contrast, gene knockdown
strategies that rely on RNase H activity face challenges due to a mismatch between
the effector and molecular target: RNase H is primarily nuclear, while mature mR-

212 Furthermore, RNase H recruitment

NAs are typically found in the cytoplasm
is unreliable as its expression levels vary not only with cellular localisation but also

with cell and tissue type?Ld.

A viable strategy to enhance the efficacy of ASO-mediated mRNA knockdown in-
volves overcoming this spatial separation between the RNA target and its effector
enzyme. Covalent modification of ASOs with nuclear importers has been shown to
boost the performance of both splice switching and RNase H-competent ASOs (see
Chapter 2)24. However, directing ASOs to the nucleus may not be suitable for all
mRNA targets. Alternatively, selective cytoplasmic degradation through the anti-
viral RNase L enzyme can be achieved by attaching ASOs to RNase L recruiters (see
Chapter 3)1245% However, RNase L activity must be tightly controlled; unchecked
activation can lead to global protein synthesis shutdown, cellular stress amplifica-
tion, and apoptosis??218 This demonstrates the need to develop new methods to

harness a selective cytoplasmic ASO pathway for targeted degradation of mRNA.

Lysosomes serve as the primary degradation compartment of cells, with the abil-

21742184219

ity to degrade a wide range of biomolecules This degradation capacity

has been exploited for targeted protein degradation??? using systems like LYTACs
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(lysosome-targeting chimeras) (Figure , bispecific aptamer conjugates?23,
and small-molecule-based strategies like MrTACs (methylarginine-targeting chimeras)?22,
These approaches use tags or ligands to direct target proteins to lysosomes for de-
struction. Inspired by such technologies, we explored whether lysosomal trafficking

could also be harnessed for ASO-mediated mRNA degradation.
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Figure 4.1: Lysosome-targeting chimeras that (a) engage the asialoglycoprotein
receptor (ASGPR), a liver-specific lysosome-targeting receptor, to degrade extra-
cellular proteins in a cell-type-specific manner. (b) Cetuximab (Ctx)-LyTAC con-
jugates show higher degradation of cell surface EGFR in HEP3B cells determined
by live-cell flow cytometry following 48 hours of treatment (Cetuximab (Ctx) is an
FDA-approved blocking antibody against EGFR for colorectal cancer and head and
neck cancer). Western blot analysis of total EGFR levels in HEP3B, HEPG2 and
HUHTY cells after treatment with Ctx-LYTAC shows same trend. Reproduced with
permission from Springer Nature.
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4.2 Aims

Autophagy and lysosomal trafficking represent powerful cellular quality-control path-
ways. Recent advances have demonstrated that they can be harnessed pharmaco-
logically for targeted protein degradation. Building on these developments, this
chapter sought to investigate whether a similar strategy could be applied to anti-

sense oligonucleotide (ASO)-mediated mRNA degradation.

To this end, the small molecule, ispinesib, was employed. Ispinesib is a small
molecule initially developed as an Egb kinesin inhibitor for cancer therapy?25:226,
Ispinesib has also served as a warhead in bifunctional molecules that drive protein
degradation via lysosomal pathways?*”, These compounds are thought to bind LC3
localised within autophagosomes, which then fuse with lysosomes to complete the
degradation process. Their activity depends on intact autophagy and lysosomal

trafficking, and compounds using this mechanism are classified as autophagosome-

tethering compounds (ATTECs)%%,

Building on this concept, the design of lysosomal trafficking antisense oligonu-
cleotides (LyTONSs) was explored — by covalently linking ispinesib to ASOs. The
aim was to design RNase H-inactive LyTONs that could induce mRNA knockdown
through lysosomal degradation (Figure . It was hypothesized that inhibition of
lysosomal acidification, for example via bafilomycin, would impair LyTON activ-

ity, thereby demonstrating that mRNA transport to the lysosome was required for
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knockdown. Similarly, it was reasoned that lysosomal membrane permeabilisation
by chloroquine would disrupt activity, suggesting that intact lysosomal function
would be essential. To explore potential clinical applications of this approach, the
development of LyTONs targeting Menin (MENT1), a transcriptional regulator im-

229

plicated in leukemia““*, was attempted.

More broadly, the goal with this lysosomal targeting strategy was to enable efficient
mRNA degradation without disrupting endogenous cellular mechanisms or induc-
ing widespread toxicity. Unlike traditional nucleic acid-based knockdown methods,
which rely on DNA or RNA backbones to recruit endogenous enzymes, LyTONs
were envisioned as constructs that could be built from alternative oligonucleotide

chemistries (which possess superior potency and pharmacokinetic properties).

The objectives of this chapter were as follows:

¢ Synthesis and characterisation of high-yield high-purity covalent ispinesib-ASO

‘LyTON’ conjugates

¢ Functional validation of the activity of LyTON conjugates in various relevant cell

lines

¢ Mechanistic validation of LyTON conjugate activity

¢ Demonstration of the clinical potential of LyTONs in treating AML
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4.3 Results

4.3.1 Synthesis of Ispinesib-ASO conjugates

For this chapter, published ASO sequences were selected that had previously been
validated using mismatch and scrambled controls. Since these sequences had been
shown to specifically target their corresponding mRNA, the key comparative con-
trols in our experimental validation of the ispinesib-ASO conjugates were ASOs

without the ispinesib modification.

To synthesise the covalent ispinesib-ASO conjugate, copper-free click chemistry was
used: with azide-modified ispinesib and 5-dibenzocyclooctyne (DBCO)-modified

ASOs.
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Synthesis of DBCO-modified ASOs

A 5-DBCO-ASO was synthesised by reacting a 5-terminally modified-amine ASO
with excess DBCO-NHS ester under basic conditions—in 60% N,N-dimethyl for-

mamide (DMF) to aid to DBCO-solubilisation (Figure [4.3).

50 mM DBCO NHS

W
04\/\/2',031% O

& 0.
HzN/\/\/\/o’P‘z:-\ o y O .
100 mM NaHCO, g e
pH 8.5 s
10uM
5’-terminal-amine-ASO 5’-DBCO-ASO

Figure 4.3: Synthesis scheme for 5-terminally modified-DBCO ASO.

General bioconjugation strategy

Subsequently, strain-promoted azide-alkyne click (SPAAC) chemistry was used?

to couple commercially available ispinesib-azide to the 5- DBCO ASO, in 1XPBS
and 60% DMF. We achieved >90% yields for all bioconjugation reactions performed

and >95% purity post HPLC purification (Figure [4.4)).
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Figure 4.4: Synthesis scheme for 5'-ispinesib-ASO.
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4.3.2 Synthesis of Ispinesib-NCL1 RNase H-inactive conju-
gate

The final Ispinesib-NCL1 RNase H-inactive ASO conjugate (chemistry: 2-OMe)
was prepared using SPAAC chemistry of the Ispinesib-azide with the 5-DBCO
NCL1 2'-OMe ASO (Appendix Figure Figure [A.25). > 90% yields were
achieved for all bioconjugation reactions performed and > 95% purity following
HPLC purification. This conjugate is hereafter mentioned as the NCL1 2’-OMe

LyTON.

Additionally, to assess any off-target effects of the ispinesib moiety itself, a non-
targeting control phosphorothioate ASO without ispinesib (ispinesib-NTC-ASO)
was synthesised'® (Figure [A.26). To minimize potential non-specific interactions,
one-step copper-catalyzed chemistry was employed to ensure minimal linker effects

in the ispinesib-NTC-ASO.

4.3.3 NCL1 2-OMe LyTON outperforms unmodified par-

ent ASO for mRNA knockdown

To investigate whether the ATTEC-warhead ispinesib could facilitate lysosomal
trafficking and subsequent lysosomal degradation of target mRNA (Figure [4.5h),
the fully 2’-O-Methyl (2’-OMe) sugar-modified ASO backbone was chosen. This

chemistry is known to be RNase H-inactive, allowing us to evaluate the ispinesib-
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ASO without interference from RNase H-mediated degradation (Figure [£.5b). A
previously validated ASO sequence designed to target cytoplasmic NCL1 mRNA®
was chosen with the 5-terminal modified with ispinesib via SPAAC, as described

earlier.

NCLI1 transcript levels were measured using RT-qPCR in HEK293T, A549, and
HeLa cells following lipofectamine transfection at 24 hours, all normalized to the
housekeeping gene GAPDH. NCL1 transcript levels were compared after treatment
with NCL1 2’-OMe LyTON, NCL1 2’-OMe ASO, and 5-DBCO-modified NCL1 2’-
OMe ASO. The DBCO-modified ASO served as a control to account for any effects
of modifying the ASO with a hydrophobic end group. The NCL1 2’-OMe LyTON
significantly outperformed its unconjugated counterpart at all concentrations tested
and across all cell lines (Figure [1.5b,c,d), while the unmodified NCL1 2-OMe ASO
and DBCO-modified counterpart exhibited similarly poor knockdown, as they only
block the target mRNA sterically (Figure [£.6). The ispinesib-NTC-ASO showed

little to no reduction in NCL1 transcript levels (Figure [4.6).
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Figure 4.5: Covalent ispinesib modification of RNase H-inactive 2’- OMe ASO en-
ables potent knockdown of target mRNA. (a) Sequence and chemical modifications
of NCL1 ASOs used. (b)-(d) RT-qPCR data for NCL1 knockdown upon lipofec-
tamine transfection for 24 hours) NCL1 2-OMe LyTON and unconjugated-NCL1
2’-OMe ASO in HEK293T (b), A549 (c), or HeLa (d) cells at concentrations indi-
cated. Three biological replicates are shown as diamonds for each condition (each
from three technical replicates). The vertical bars represent the mean and the er-
ror bars the standard deviation. ** represents p<0.05, *** represents p<0.01, n.s.
represents p values that are not significant. Figure re-produced from “Engineering
antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-

ficking” by Kashyap et al., under CC-BY 3.0.



132 Ispinesib-modified antisense oligonucleotides

------------------------ ! .
a) " HEK293T - Transfection | b) | A549 - Transfection |
P Lipofectamine control Lipofectamine control
1.0 ~ - - 1.0 2
=y chB
05 08 05 08
D »n (27}
&5 06 € c
280 S c 06
cZ 3 5 =
o104 o504
£2 22
0.2 2902
0.0 0.0
NCL12-OMeAsO + - - + - - + - - NCL12-OMeASO + - - + - - + - -
DBCO-NCL12-OMeAsO - + = - + - - + - DBCONCL12-OMeASO - + - - + - - + -
ispinesib-NTC-ASO = - + - - + - - + ispinesib-NTC-ASO = - + = - 4+ - - +
—_— Y Y —_— Y Y
50nM 100 nM 200 nM 100 nM 200 nM 500 nM
o) | HeLa - Transfection |
Lipofectamine control
» 1.0 *
S a
05 08
D 0
cC c
8506
S &
2 g 0.4
[T
Z90.2
0.0
NCL12-OMeASO 4 = = 4+ = = 4 = =
DBCO-NCL12-OMeASO = =+ = - 4+ - - 4 -
ispinesib-NTC-ASO = - 4 - - 4 - +

- 2
100nM  200nM 500 nM

Figure 4.6: RT-qPCR data of NCL1 knockdown upon unmodified NCL1 2’-OMe
ASO, DBCO-modified NCL1 2'-OMe ASO and ispinesib-NTC-ASO lipofectamine
transfection in (a) HEK293Ts, (b) A549, (¢) HeLa for 24 hours at concentrations
indicated. Three biological replicates are shown as diamonds for each condition
(each from three technical replicates). The vertical bars represent the mean and
the error bars the standard deviation. ** represents p<0.05, *** represents p<0.01,
n.s. represents p values that are not significant. Figure re-produced from supple-
mentary information of “Engineering antisense oligonucleotides for targeted mRNA
degradation through lysosomal trafficking” by Kashyap et al., under CC-BY 3.0.

Furthermore, little to no differences was observed in the toxicity profiles of the
unconjugated and ispinesib-conjugated ASOs, assessed by Cell Titer Glo (Fig-
ure [4.7h,b,c) and RNA transcript levels of key housekeeping genes (Figure [4.8).
These results align with our initial expectations, as our treatments were within the

sub-micromolar range, far below concentrations that would cause toxicity associated
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with kinesin spindle protein (Eg5) inhibition, the canonical target of ispinesib.
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Figure 4.7: Cell viability of the (a) HEK293T, (b) A549, (c) HeLa upon NCL1 2'-
OMe ASO and NCL1 2-OMe LyTON treatment evaluated by Cell-Titer Glo. Fig-
ure re-produced from supplementary information of “Engineering antisense oligonu-

cleotides for targeted mRNA degradation through lysosomal trafficking” by Kashyap
et al., under CC-BY 3.0.
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Figure 4.8: Ct values for key housekeeping genes upon NCL1 2- OMe ASO and
NCL1 2’- OMe LyTON treatment at 200 nM in HEK293T. Figure re-produced from
supplementary information of “Engineering antisense oligonucleotides for targeted
mRNA degradation through lysosomal trafficking” by Kashyap et al., under CC-BY
3.0.

Using SPAAC chemistry, two regioisomeric NCL1 2'-OMe LyTON products (Fig-
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ure were obtained. Both regioisomers exhibited comparable activity, suggesting
that the configuration of ispinesib around the DBCO linkage does not influence the
functional activity of the conjugate (Figure . All subsequent experiments were

performed using a combination of both regioisomers.
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Figure 4.9: LC-MS characterisation and RT-qPCR for regioisomers for ispinesib
modification of NCL1 2-OMe ASO. (a) LC-MS trace for HPLC-purified NCL1 2'-
OMe LyTON regioisomer mixture . (b) LC-MS trace for HPLC-purified NCL1 2'-
OMe LyTON regioisomer, t=9.0. (c) LC-MS trace for HPLC-purified NCL1 2-OMe
LyTON regioisomer, t=9.2. (d) RT-qPCR data for NCL1 transcript levels upon
lipofectamine transfection with purified regioisomers of NCL1 2’-OMe LyTON at 24
hours at concentrations indicated. Figure re-produced from “Engineering antisense
oligonucleotides for targeted mRNA degradation through lysosomal trafficking” by
Kashyap et al., under CC-BY 3.0.

After establishing improved knockdown efficiency under transfection conditions,
the next objective was to evaluate the activity of the LyTON conjugate by employ-

ing gymnotic delivery. Gymnotic delivery refers to oligonucleotide delivery without

transfection reagents, providing a more physiologically and clinically relevant as-
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sessment of activity.

To this end, the LyTON was compared with its unconjugated and 5-DBCO-modified
counterparts, as well as with an ispinesib-NTC-ASO control, at concentrations of
5, 10, and 20 pM over a 96-hour period, with transcript levels quantified by RT-
qPCR as before. Consistent with expectations, the ispinesib-NTC-ASO exhibited
negligible knockdown activity, confirming that the effects observed with LyTONs
were sequence-dependent rather than arising from nonspecific contributions of the
small-molecule cargo. Similarly, the DBCO-modified NCL1-2-OMe ASO produced
results nearly identical to those of the unconjugated ASO, indicating that the simple
addition of a reactive handle does not enhance efficacy (Figure . In contrast,
the ispinesib-conjugated LyTON demonstrated a striking and consistent increase in
knockdown across all tested concentrations and cell types, far exceeding the activity

of the unconjugated NCL1-2’-OMe ASO (Figure |4.11p—c).

Taken together, these findings suggest that ispinesib conjugation specifically en-
hances the potency of RNase H-inactive ASOs, while avoiding sequence-independent
or off-target effects. This highlights the potential utility of LyTONs as a general-
izable strategy for improving the performance of chemically modified ASOs under

clinically relevant delivery conditions.
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Figure 4.10: RT-qPCR data of NCL1 knockdown upon unmodified NCL1 2’-OMe
ASO, DBCO-modified NCL1 2’-OMe ASO and ispinesib-NTC-ASO gymnosis in (a)
HEK293T, (b) A549, (c) HeLa for 96 hours at concentrations indicated. Three bi-
ological replicates shown as diamonds for each condition (each from three technical
replicates). The vertical bars represent the mean and the error bars the standard
deviation. ** represents p<0.05, *** represents p<0.01, n.s. represents p val-
ues that are not significant. Figure re-produced from supplementary information
of “Engineering antisense oligonucleotides for targeted mRNA degradation through
lysosomal trafficking” by Kashyap et al., under CC-BY 3.0.
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Figure 4.11: Covalent ispinesib modification of RNase H-inactive 2’- OMe ASO en-
ables potent knockdown of target mRNA via gymnosis. (a) Sequence and chemical
modifications of NCL1 ASOs used. (b)-(d) RT-qPCR data for NCL1 knockdown
upon gymnosis for 96 hours NCL1 2’- OMe LyTON and unconjugated-NCL1 2'-
OMe ASO in HEK293T (b), A549 (c), or HeLa (d) cells at concentrations indi-
cated. Three biological replicates are shown as diamonds for each condition (each
from three technical replicates). The vertical bars represent the mean and the er-
ror bars the standard deviation. ** represents p<0.05, *** represents p<0.01, n.s.
represents p values that are not significant. Figure re-produced from “Engineering
antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-

ficking” by Kashyap et al., under CC-BY 3.0.
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4.3.4 Synthesis of Ispinesib-NCL1 RNase H-active conju-
gate

The NCL1 ASO sequence used was originally designed for RNase H-mediated knock-
down as a ‘gapmer’. The cutting-edge ASO chemistry ‘gapmer’ design comprises
wings of five bases containing 2'-MOE sugars and a central DNA region®, It was
then assessed whether the covalent ispinesib modification of the NCL1 ‘gapmer’

ASO could enhance its efficacy. Synthesis was carried out as previously described,

starting with a 5’-amine-modified gapmer (Appendix Figure |A.27] Figure [A.28]).

4.3.5 Ispinesib-modification compatible with ASO gapmer
knockdown chemistry and enhances knockdown effi-
cacy

The dual activity’ conjugate was synthesised by linking ispinesib to the NCL1 gap-
mer, combining RNase H-mediated degradation with lysosomal trafficking (Fig-
ure [4.12h,b). The NCL1 gapmer LyTON, along with unconjugated and 5-DBCO-
modified controls, was transfected into HEK293T, A549, and HeLa cells using lipo-
fectamine 2000, and NCL1 transcript levels were measured at 24 hours by RT-qPCR.
Across all tested cell lines, the dual activity” LyTON outperformed controls at mid-
dle and lower concentrations, while at higher concentrations activity improved in

A549 but plateaued in HEK293T and HeLa (Figure —e).
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Figure 4.12: Covalent ispinesib modification of RNase H-active gapmer ASO yields
a “dual activity” conjugate with enhanced knockdown capacity of target mRNA.
(a) Proposed mechanism of action for the lysosome trafficking-ispinesib ASO (Ly-
TON) conjugates for mRNA knockdown, in contrast to the established RNase H
mechanism for mRNA knockdown of ASOs. (b) Sequence and chemical modifi-
cations of NCL1 gapmer ASOs used. RT-qPCR data for NCL1 knockdown upon
lipofectamine transfection of NCL1 gapmer LyTON and unconjugated-NCL1 gap-
mer ASO in HEK293T (c), A549 (d), or HeLa (e) cells at concentrations indicated
for 24 hours. Three biological replicates are shown as diamonds for each condition
(each from three technical replicates). The vertical bars represent the mean and the
error bars the standard deviation. ** represents p<0.05, *** represents p<0.01, n.s.
represents p values that are not significant. Figure re-produced from “Engineering
antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-
ficking” by Kashyap et al., under CC-BY 3.0.
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Figure 4.13: RT-qPCR data of NCL1 knockdown upon unmodified and DBCO-
modified NCL1 gapmer lipofectamine transfection in (a) HEK293T, (b) A549, (c)
HeLa for 24 hours at concentrations indicated. Three biological replicates shown
as diamonds for each condition (each from three technical replicates). The vertical
bars represent the mean and the error bars the standard deviation. ** represents
p<0.05, *** represents p<0.01, n.s. represents p values that are not significant. Fig-
ure re-produced from supplementary information of “Engineering antisense oligonu-
cleotides for targeted mRNA degradation through lysosomal trafficking” by Kashyap
et al., under CC-BY 3.0.

Knockdown efficacy was further evaluated under conditions of gymnotic uptake, in
which oligonucleotides are delivered without transfection reagents, providing a more

physiologically and clinically relevant assessment of activity. The performance of the
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NCL1 gapmer LyTON was compared directly to both the unmodified NCL1 gapmer
and the 5-DBCO-modified gapmer, thereby establishing whether the conjugation

strategy could confer a measurable advantage in the absence of facilitated delivery.

Consistent with the results obtained using lipofectamine-mediated transfection,
gymnotic delivery produced a marked enhancement in the knockdown activity of
the ‘dual activity’ NCL1 gapmer LyTON. Across all cell types tested and at nearly
all concentration ranges, the LyTON outperformed the unmodified NCL1 gapmer,
with the exception of the highest concentrations, where activity reached a plateau
(Figure . Importantly, both the unmodified and the DBCO-modified controls
displayed comparable levels of activity, which were consistently and significantly

lower than those of the ispinesib-conjugated LyTON (Figure [4.15)).

These findings highlight that the observed improvements in efficacy can be at-
tributed specifically to the ispinesib modification, highlighting the potential of this
conjugation strategy to enhance therapeutic performance under clinically relevant

conditions.
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Figure 4.14: Covalent ispinesib modification of RNase H-active gapmer ASO yields
a “dual activity” conjugate with enhanced knockdown capacity of target mRNA
via gymnosis. (a) Sequence and chemical modifications of NCL1 gapmer ASOs
used. (b)-(d) RT-qPCR data for NCL1 knockdown upon gymnosis of NCL1 gap-
mer LyTON and unconjugated-NCL1 gapmer ASO in HEK293T (b), A549 (c), or
HeLa (d) cells at concentrations indicated for 96 hours. Three biological replicates
are shown as diamonds for each condition (each from three technical replicates).
The vertical bars represent the mean and the error bars the standard deviation.
** represents p<0.05, *** represents p<0.01, n.s. represents p values that are not
significant. Figure re-produced from “Engineering antisense oligonucleotides for tar-
geted mRNA degradation through lysosomal trafficking” by Kashyap et al., under
CC-BY 3.0.
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Figure 4.15: RT-qPCR data of NCL1 knockdown upon unmodified and DBCO-
modified NCL1 gapmer gymnosis in (a) HEK293T, (b) A549, (c¢) HeLa for 96 hours
at concentrations indicated. Three biological replicates are shown as diamonds for
each condition (each from three technical replicates). The vertical bars represent
the mean and the error bars the standard deviation. ** represents p<0.05, *** rep-
resents p<0.01, n.s. represents p values that are not significant. Figure re-produced
from supplementary information of “Engineering antisense oligonucleotides for tar-

geted mRNA degradation through lysosomal trafficking” by Kashyap et al., under
CC-BY 3.0.
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4.3.6 Mechanism of action for NCL1 2'-OMe LyTON is se-
lective: loss of activity upon bafilomycin and chloro-
quine treatment

These results thus far demonstrate that the conjugation of ispinesib to NCL1 RNase
H-inactive or RNase H-active ASOs results in a significant increase in target mRNA
reduction. Next, the aim was to confirm whether the mechanism of mRNA degra-
dation involved the lysosome by using inhibitors of various aspects of lysosomal

function: bafilomycin and chloroquine.

Bafilomycin is a well-characterized inhibitor of lysosomal activity®32233 (Figure[4.16h).
Bafilomycin inhibits vacuolar (V)-ATPase, preventing lysosomal acidification and
disrupting basal lysosomal flux. If the LyTONs were trafficking the target mRNA
to the lysosome, treatment with bafilomycin would result in a loss of knockdown

activity.

HEK293T cells were first treated with bafilomycin for 24 hours and lysosomal in-
hibition was confirmed by observing an increase in LC3-II levels (Figure [4.16D,
Appendix Figure[A.48). Since 100 nM bafilomycin caused cell toxicity, which could
lead to inaccurate ASO efficacy assessments, a lower 10 nM concentration (which

did not affect cell viability) was used for further studies (Figure [4.16f).
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Figure 4.16: Biological characterisation for Bafilomycin inhibition and toxicity
evaluation. (a) Mechanism of bafilomycin-mediated lysosomal inhibition in rela-
tion to LyTON activity. (b) Uncropped western blot of LC3-I and LC3-IT levels
upon treatment with bafilomycin at indicated concentrations and time points in
HEK293Ts. (c) Cell viability upon bafilomycin (Bafa) treatment in HEK293Ts as-
sayed by dye exclusion on hemocytometer. Figure re-produced from “Engineering
antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-
ficking” by Kashyap et al., under CC-BY 3.0.

NCL1 transcript knockdown was then measured after transfection with the NCL1
2’-OMe ASO, NCL1 2-OMe LyTON, NCL1 gapmer, and NCL1 gapmer LyTON
in the presence or absence of bafilomycin in HEK293T cells (Figure 4.17h). As
expected, bafilomycin treatment did not affect the activity of the NCL1 2-OMe
ASO or NCL1 gapmer. However, the enhanced mRNA knockdown activity of both
the NCL1 2-OMe LyTON and NCL1 gapmer LyTON was completely lost in the

presence of bafilomycin, resulting in comparable activity to the unmodified NCL1
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2'-OMe ASO or NCL1 gapmer. The same trend was observed in A549 (Figure[£.17p)

and HeLa cells (Figure [4.17c).
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Figure 4.17: LyTON-warhead ispinesib unlocks a new mechanism of ASO-mediated
mRNA degradation via lysosomal trafficking, validated using bafilomycin. RT-
qPCR data for NCL1 knockdown upon lipofectamine transfection of NCL1 gapmer
ASO, NCL1 gapmer LyTON, NCL1 2-OMe ASO, and NCL1 2'-OMe LyTON in
the presence or absence of 10 nM bafilomycin, at the concentrations indicated, in
(a) HEK293T, (b) A549, (c) HeLa cells. Three biological replicates are shown as
diamonds for each condition (each from three technical replicates). The vertical
bars represent the mean and the error bars the standard deviation. ** represents
p<0.05, *** represents p<0.01, n.s. represents p values that are not significant.
Figure re-produced from “Engineering antisense oligonucleotides for targeted mRNA
degradation through lysosomal trafficking” by Kashyap et al., under CC-BY 3.0.

To eliminate potential confounding effects of lipofectamine-mediated transfection,

the bafilomycin inhibition assay was repeated using gymnotic delivery of NCL1
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2'-OMe ASO, NCL1 2-OMe LyTON, NCL1 gapmer, and NCL1 gapmer LyTON
(Figure . The same trend was observed: bafilomycin treatment did not affect
the activity of the NCL1 2’-OMe ASO or NCL1 gapmer upon gymnotic delivery.
However, the increased mRNA knockdown activity of both the NCL1 2-OMe Ly-
TON and NCL1 gapmer LyTON, when delivered gymnotically, was completely lost
in the presence of bafilomycin, with activity restored to the parent unmodified
NCL1 2-OMe ASO or NCL1 gapmer. This confirmed that LyTONs rely on lysoso-
mal degradation for activity and that inhibition of normal lysosomal flux reduced

them to conventional ASOs.
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Figure 4.18: LyTON-warhead ispinesib unlocks a new mechanism of ASO-mediated
mRNA degradation via lysosomal trafficking, validated using bafilomycin—via gym-
nosis. RT-qPCR data for NCL1 knockdown upon gymnosis of NCL1 gapmer ASO,
NCL1 gapmer LyTON, NCL1 2’-OMe ASO, and NCL1 2’-OMe LyTON in the pres-
ence or absence of 10 nM bafilomycin, at the concentrations indicated HEK293T
cells. Three biological replicates are shown as diamonds for each condition (each
from three technical replicates). The vertical bars represent the mean and the er-
ror bars the standard deviation. ** represents p<0.05, *** represents p<0.01, n.s.
represents p values that are not significant. Figure re-produced from “Engineering
antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-
ficking” by Kashyap et al., under CC-BY 3.0.
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Chloroquine is another well-characterized lysosomal inhibitor— known to accumu-
late in the lysosome due to its weakly basic nature. This raises intra-lysosomal
pH and causes lysosomal membrane permeabilization, leading to partial leakage of
lysosomal contents into the cytosol (Figure [4.19k)2*. Chloroquine is commonly
used to enhance the endosomal /lysosomal escape of ASOs, improving their activity

within cells.

First, a chloroquine dose titration was conducted, as excessive chloroquine can cause
broad lysosomal dysfunction and cytotoxicity, which may obscure or reduce ASO
activity (Figure [£.19p). Next, the NCL1 gapmer and NCL1 2-OMe ASO were
transfected in HEK293T cells in the presence and absence of 30 pM chloroquine
and, as expected, a significant improvement in the activity of both conventional
ASOs (Figure [£.19) was observed. In contrast, chloroquine treatment inhibited
the activity of both the NCL1 2-OMe LyTON and NCL1 gapmer LyTON (Fig-
ure mc) This confirmed that functional lysosomal integrity is necessary for the

LyTON mechanism of action.

These findings highlight a key distinction in the intracellular processing pathways
between unconjugated ASOs, which may benefit from disrupted lysosomal barriers,
and LyTON conjugates, which require intact lysosomal processing machinery for

activity.
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Figure 4.19: LyTON-warhead ispinesib unlocks a new mechanism of ASO-mediated
mRNA degradation via lysosomal trafficking, validated using chloroquine. RT-
qPCR data for NCL1 knockdown upon lipofectamine transfection of NCL1 gapmer
ASO, NCL1 gapmer LyTON, NCL1 2'-OMe ASO, and NCL1 2’-OMe LyTON in
HEK293T cells in the presence or absence of 30 ntM chloroquine, at the concentra-
tions indicated. Three biological replicates are shown as diamonds for each condition
(each from three technical replicates). The vertical bars represent the mean and the
error bars the standard deviation. ** represents p<0.05, *** represents p<0.01, n.s.
represents p values that are not significant. Figure re-produced from “Engineering
antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-
ficking” by Kashyap et al., under CC-BY 3.0.

4.3.7 Synthesis of Ispinesib-MEN1 RNase H-inactive con-
jugate

After establishing the chemistry and mechanism of action of LyTONSs, the next
goal was to target a therapeutically relevant gene of interest: the MEN1 gene,

which encodes the protein Menin. Menin plays a crucial role in MLL-rearranged
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leukemias???. A well-established MEN1 ASO sequence was selected, which contains
all 2-OMe-modified sugars (RNase H-inactive)®*?. As with the NCL1 LyTONS,
ispinesib was conjugated to the 5'-terminus of the MEN1 2-OMe ASO using SPAAC

chemistry.

4.3.8 MEN1 2-OMe LyTON conjugate outperforms un-
modified MEN1 2-OMe ASO for both target mRNA
knockdown and protein degradation

Menin is an important oncogenic cofactor in MLL-rearranged and KRAS-driven
cancers, making it an attractive therapeutic target. Menin serves as a scaffold for
oncogenic MLL fusion proteins, driving transcriptional activation programs that
promote leukemic cell survival and growth?¥%, Tt also plays a key role in KRAS-

237

driven cancers Inhibition of Menin has been shown to disrupt these cancer-

sustaining pathways, resulting in reduced cell proliferation and increased apopto-
452381239/

While small-molecule Menin inhibitors have shown early clinical promise, recent
studies have reported emerging resistance and patient relapse due to somatic mu-
tations in MEN124%, These mutations occur in a critical region of the inhibitor-
binding pocket, which is essential for stabilizing Menin-inhibitor binding but not
for the Menin-MLL interaction. These challenges in small molecule drug resistance

could potentially be circumvented by targeting MEN1 mRNA with ASOs. Thus,
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the MEN1 2'-OMe LyTON was investigated as a alternative (Figure [4.20n).

MENT transcript levels were measured after transfection of the MEN1 2’-OMe Ly-
TON using RT-qPCR in HEK293T cells at 24 hours, comparing the knockdown to
the unconjugated and 5-DBCO-modified MEN1 2’-OMe ASO, and the ispinesib-
NTC-ASO, all normalized to the housekeeping gene GAPDH. The MEN1 2’-OMe
LyTON significantly outperformed the unmodified MEN1 2-OMe ASO at all tested
concentrations (Figure[4.20p). A marked reduction in Menin protein levels was also
observed upon MEN1 2-OMe LyTON treatment, compared to the unconjugated
ASO, in a concentration-dependent manner (Figure , Appendix Figure |A.49)).
Similar trends were observed in A549 and HeLa cells (Figure [£.21h.b) at all tested

concentrations.
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Figure 4.20: MEN1 2-OMe LyTON treatment results in significant knockdown
of MEN1 mRNA and protein. (a) Sequence and chemical modifications of ASOs
used to target MEN1. (b) RT-qPCR data and (c¢) Western blot for MEN1/Menin
knockdown upon lipofectamine transfection of MEN1 2-OMe ASO and MEN1 2'-
OMe LyTON ASO in HEK293T cells at concentrations indicated. Three biological
replicates are shown as diamonds for each condition (each from three technical
replicates). The vertical bars represent the mean and the error bars the standard
deviation. ** represents p<0.05, *** represents p<0.01, n.s. represents p values
that are not significant. Figure re-produced from “Engineering antisense oligonu-
cleotides for targeted mRNA degradation through lysosomal trafficking” by Kashyap
et al., under CC-BY 3.0.
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Figure 4.21: RT-qPCR data for MEN1 knockdown upon lipofectamine transfection
of unmodified MEN1 2’- OMe ASO and MEN1 2’- OMe LyTON ASO in (a) A549,
(b) HeLa at the concentrations indicated for 24 hours. Three biological replicates
are shown as diamonds for each condition (each from three technical replicates).
The vertical bars represent the mean and the error bars the standard deviation.

* represents p<0.05, *** represents p<0.01, n.s. represents p values that are not
significant. Figure re-produced from supplementary information of “Engineering
antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-
ficking” by Kashyap et al., under CC-BY 3.0.

The ispinesib-NTC—-ASO exhibited little to no knockdown activity, consistent with
its design as a non-targeting control and confirming that the presence of the ispine-
sib moiety alone is insufficient to elicit degradation in the absence of a comple-
mentary sequence. Likewise, the DBCO-modified MEN1 2’-OMe ASO produced
results nearly identical to those of the unconjugated MEN1 2'-OMe ASO across all

tested cell lines, indicating that the addition of a reactive handle does not alter the

intrinsic activity of the ASO (Figure |4.22]).

Thus, these findings establish that the activity is sequence- and conjugation-specific,

rather than arising from non-specific chemical modification of the oligonucleotide.
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Figure 4.22: RT-qPCR data of MEN1 knockdown upon unmodified MEN1 2’- OMe
ASO, DBCO-modified MEN1 2’- OMe ASO and ispinesib-NTC-ASO lipofectamine
transfection in (a) HEK293T, (b) A549, (c) HeLa for 24 hours at concentrations
indicated. Three biological replicates are shown as diamonds for each condition
(each from three technical replicates). The vertical bars represent the mean and
the error bars the standard deviation. ** represents p<0.05, *** represents p<0.01,
n.s. represents p values that are not significant. Figure re-produced from supple-
mentary information of “Engineering antisense oligonucleotides for targeted mRNA
degradation through lysosomal trafficking” by Kashyap et al., under CC-BY 3.0.

The MEN1 2’-OMe LyTON also showed improved knockdown under gymnotic deliv-
ery. This effect was consistent across all tested concentrations in HEK293T cells af-
ter 96 hours, as measured by RT-qPCR (Figure(4.23p), and the same trend of higher
efficacy compared to the unconjugated and DBCO-modified ASOs was observed in

Ab549 and HeLa cells (Figure(4.23b,c). In contrast, both the unmodified and DBCO-
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modified MEN1 2-OMe ASOs displayed similarly poor knockdown, reflecting their
ability only to sterically block the target mRNA, while the ispinesib—NTC-ASO

showed little to no reduction in MENT transcript levels (Figure {4.24)).
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Figure 4.23: MEN1 2’- OMe LyTON treatment results in significant knockdown of
MEN1 mRNA via gymnosis. RT-qPCR data for MEN1/Menin knockdown upon
gymnosis of MEN1 2’- OMe ASO and MEN1 2’- OMe LyTON ASO in (a) HEK293T,
(b) A549, (c) HeLa cells at the concentrations indicated for 96 hours. The vertical
bars represent the mean and the error bars the standard deviation. ** represents
p<0.05, *** represents p<0.01, n.s. represents p values that are not significant.
Figure re-produced from “Engineering antisense oligonucleotides for targeted mRNA
degradation through lysosomal trafficking” by Kashyap et al., under CC-BY 3.0.
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Figure 4.24: RT-qPCR data of MEN1 knockdown upon unmodified MEN1 2'-
ASO, DBCO-modified MEN1 2’-OMe ASO and ispinesib-NTC-ASO gymnosis in
(a) HEK293T, (b) A549, (c¢) HeLa for 96 hours at concentrations indicated. The
vertical bars represent the mean and the error bars the standard deviation. **
represents p<0.05, *** represents p<0.01, n.s. represents p values that are not
significant. Figure re-produced from supplementary information of “Engineering

antisense oligonucleotides for targeted mRNA degradation through lysosomal traf-
ficking” by Kashyap et al., under CC-BY 3.0.

Furthermore, little to no differences was observed in the toxicity profiles of the un-
conjugated and ispinesib-conjugated MEN1 ASOs, assessed by Cell Titer Glo (Fig-
ure ,b,c) and RNA transcript levels of key housekeeping genes (Figure .
Again these results align with our initial expectations, as our treatments were within
the sub-micromolar range, far below concentrations that would cause toxicity due

to Egb inhibition.



4.3 Results

157

a) b)
1.0 1.0+
8 0.8 g 0.84
®3 53
O R =]
£ 8 0 ==—z000 % 8 06112000
o S —@— MEN1 2’-OMeLyTON 50 nM S € MEN1 2'-OMe LyTON 100 nM
& i 0.44—A—MEN1 2'-OMe ASO 50 nM S 2 0.4 MEN1 2'-OMe ASO 100 nM
53 —¥—MEN1 2’-OMe LyTON 100 nM c % —&—MEN1 2-OMe LyTON 200 nM
2 2] ¢ MEN12-OMeASO 100 nM L 7 g2l 7 MEN12-OMe ASO 200 nM
’ MEN1 2’-OMe LyTON 200 nM ““||—&—MEN1 2'-OMe LyTON 500 nM
0.0 MEN1 2'-OMe ASO 200 nM 0.0 —@— MEN1 2-OMe ASO 500 nM
~ 6h 12h _ 18h 24h ’ 6h 12h 18h 24h
Time Time
? 1.01 f\i———i\i
g 081
°3
£ © 0.61-m— L2000
SE MEN1 2-OMe LyTON 100 nM
S 2 0.4 MEN1 2-OMe ASO 100 nM
< g —9— MEN1 2'-OMe LyTON 200 nM
2 " o4 MEN12-OMe ASO 200 M
““|l-&— MEN1 2'-OMe LyTON 500 nM
0.0 —@— MEN1 2'-OMe ASO 500 nM

6h 12h 18h

Time

24h

Figure 4.25: Cell viability of the (a) HEK293T, (b) A549, (c) HeLa upon MENT 2'-
OMe ASO and MEN1 2-OMe LyTON treatment evaluated by Cell-Titer Glo. Fig-
ure re-produced from supplementary information of “Engineering antisense oligonu-
cleotides for targeted mRNA degradation through lysosomal trafficking” by Kashyap

et al., under CC-BY 3.0.
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Figure 4.26: Ct values for key housekeeping genes upon MEN1 2’- OMe ASO and
MENT1 2’-OMe LyTON treatment at 200 nM in HEK293T. Figure re-produced from
supplementary information of “Engineering antisense oligonucleotides for targeted
mRNA degradation through lysosomal trafficking” by Kashyap et al., under CC-BY

3.0.
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4.3.9 Mechanism of action for conserved for MEN1 2’- OMe
LyTON: loss of activity upon bafilomycin treatment

Next, the goal was to confirm the mechanism of action of the ispinesib-MEN1
ASO conjugates through pharmacological inhibition of lysosomal activity using
bafilomycin treatment. As observed previously with the NCL1 LyTON, treatment
with bafilomycin completely abolished the enhanced mRNA knockdown activity of
the MEN1 2'-OMe LyTON (Figure [4.27h). Under these conditions, only baseline
steric blocking activity, comparable to that of the unconjugated MEN1 2’-OMe

ASO, was detected.

This effect was not restricted to transcript levels; loss of activity upon bafilomycin
treatment was also clearly evident at the protein level (Figure [£.27b). Together,
these findings support a lysosome-dependent mechanism of action for the MEN1
LyTON and reinforce that the enhanced knockdown arises from targeted lysosomal

trafficking rather than conventional steric blocking.
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Figure 4.27: MEN1 2-OMe LyTON-mediated mRNA knockdown occurs via the
lysosome — validated by bafilomycin inhibition. (a) RT-qPCR data and (b) West-
ern blot for MEN1/Menin knockdown upon lipofectamine transfection of MEN1
2'-OMe ASO and MEN1 2-OMe LyTON ASO in HEK293T cells in the presence
or absence of 10 nM bafilomycin, at the concentrations indicated. Three biologi-
cal replicates are shown as diamonds for each condition (each from three technical
replicates). The vertical bars represent the mean and the error bars the standard
deviation. ** represents p<0.05, *** represents p<0.01, n.s. represents p values
that are not significant. Figure re-produced from “Engineering antisense oligonu-
cleotides for targeted mRNA degradation through lysosomal trafficking” by Kashyap
et al., under CC-BY 3.0.
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4.4 Discussion

Targeted mRNA degradation is a powerful strategy for therapeutic intervention:
it enables the targeting of previously “undruggable” genes, facilitates personalized
“n-of-1” medicine, and has the potential to overcome traditional mechanisms of
small molecule drug resistance. Currently, mRNA knockdown can only be achieved
through RNase H recognition of DNA-based ASOs or RISC formation with siRNA.
In this work, an alternative mechanism for targeted mRNA degradation was intro-
duced. By conjugating ispinesib, an ATTEC warhead, to ASOs, target mRNA was
directed to the lysosome for subsequent degradation. These lysosomal trafficking
antisense oligonucleotides (LyTONs) were designed to be modular and versatile,
generated through simple post-synthetic modification chemistry with high purity
and yield. LyTONs demonstrated improved knockdown efficacy across multiple
molecular targets and cell lines, using both lipofectamine-mediated and gymnotic
delivery. Furthermore, by combining lysosomal trafficking with RNase H activity,
LyTONs enhanced the performance of state-of-the-art gapmer ASOs. The ther-
apeutic potential of LyTONs was exemplified by their application to Menin, an
important target in cancer medicine, where effective protein-level knockdown was

achieved.

RNase H-competent ASOs primarily function in the nucleus, where effective RNase

H concentration is the highest. However, mRNA is exported to the cytoplasm for



4.4 Discussion 161

translation. While siRNAs mediate cytoplasmic degradation of mRNA, their cellu-
lar delivery remains more challenging than that of ASOs. This approach harnesses
lysosomal degradation to improve mRNA target engagement, thereby enhancing the
potential for ASO-based therapeutic modulation of clinically relevant genes. The
LyTON platform enables a re-imagining of gene-silencing oligonucleotide design.
Since it does not require DNA-based sequences for RNase H activity or RNA-based
sequences for RISC loading, this approach allows exploration of alternative oligonu-
cleotide chemistries. These may offer superior chemical stability, enhanced binding

affinity, and improved delivery properties for gene silencing.

A concern in the induced-proximity field is whether certain reported ATTEC binders
truly function via direct lysosomal engagement or instead act through canonical
PROTAC-like mechanismg?41:242243244  While ATTECs are generally defined as
small molecules that tether targets to the autophagy-lysosome pathway, several
compounds initially described as ATTECs have later been reclassified as function-
ing through ubiquitin—proteasome-mediated degradation?4?. This has blurred the
mechanistic distinction between these two degrader classes. This raises the question
of whether ispinesib, when incorporated into LyTONs, engages a bona fide lysoso-
mal trafficking partner or whether additional, proteasome-related mechanisms could

contribute.

Importantly, in the case of LyTONs, knockdown activity was clearly abolished

upon lysosomal inhibition, and protein-level effects were lost under conditions that
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disrupt lysosomal function. These findings strongly support a lysosome-dependent
mechanism in this context, even while the broader debate regarding ispinesib’s bind-
ing partner and degradation pathway remains unresolved. Resolving this ambiguity
will be essential for fully understanding LyTON activity and for guiding the rational
design of next-generation conjugates. Understanding this interaction will support

the rational design of next-generation LyTONs with enhanced capabilities.

In conclusion, this work represents a major advance in targeted mRNA degrada-
tion. By utilizing lysosomal trafficking via a bifunctional ispinesib—ASO conjugate,
a novel and potent strategy for selective gene silencing has been developed. This
platform holds significant promise for precision medicine, particularly in expand-
ing the chemical space for oligonucleotide therapeutics. With its modular design
and capacity for future advancements, this technology could emerge as a powerful

platform for the development of next-generation nucleic acid-based treatments.
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Chapter 5

Introduction

5.1 DNA-nanotechnology for tunable targeted pro-

tein degradation

5.1.1 DNA-nanotechnology principles

DNA nanotechnology leverages the predictable base-pairing rules of nucleic acids
to construct nanoscale structures and functional devices with high spatial preci-
sion. Unlike classical molecular biology, which views DNA primarily as a genetic
material, DNA nanotechnology re-purposes it as a structural and dynamic material
for nanoscale engineering?4®. This field bridges the gap between molecular biology,
synthetic chemistry, and nanomedicine, offering programmable tools for diagnostics,

therapeutics, and synthetic biology.

At its core, DNA nanotechnology exploits Watson—Crick base-pairing to create pre-
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dictable, programmable interactions between nucleic acid polymer strands. These
interactions are used to design and assemble precise nanostructures such as DNA
tiles, origami, and walkers, as well as dynamic systems like molecular switches
and circuits. The primary design strategy involves “sticky ends”, which are single-
stranded overhangs that allow controlled self-assembly and sequence-specific hy-

bridization that confers spatial precision (Figure [5.1h).

There are two broad categories of DNA nanotechnology: structural DNA nanotech-

nology and dynamic DNA nanotechnology.

¢ Structural DNA nanotechnology focuses on constructing static architectures such
as DNA origami, where a long single-stranded DNA (scaffold) is folded into the

desired shape using short synthetic “staple” strands.

¢ Dynamic DNA nanotechnology involves the construction of systems that change
conformation or function in response to stimuli (for example, pH, enzymes, mi-
croRNA (miRNA)). This branch is central to bio-sensing and responsive thera-

peutic delivery, for example.

5.1.2 Structural DNA Nanotechnology

o Extended lattices: The earliest architectural motifs in structural DNA nanotech-
nology centered around periodic lattices. DX tiles, composed of two DNA dou-

ble helices linked by crossovers, could self-assemble into 2D crystalline arrays
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using complementary sticky ends” (Figure [5.1p). These allowed modular, pro-
grammable assembly and laid the foundation for aperiodic tiling schemes capable
of simulating computational logic in molecular form?#®. 3D periodic crystals were
later realized using tensegrity triangle motifs—rigid triangular units capable of
packing into extended 3D lattices with atomic-level precision?4?. These develop-
ments not only demonstrated that DNA could form well-ordered materials, but

also expanded its applications in materials science and molecular computing.

¢ Discrete polyhedral assemblies: Beyond lattices, discrete polyhedral structures
have also been synthesised from DNA. These constructs, such as tetrahedra,
icosahedra, and buckyball analogs, are composed of edge-sharing DNA helices
and junctions. For example, a truncated octahedron comprising 12 helical edges
was built using a “one-pot” assembly of multiple oligonucleotides®*”. Such closed
3D shapes offer encapsulation capabilities, important for targeted delivery of
drugs or imaging agents. These polyhedra are programmable in both geometry
and chemical functionality. Modifications at specific positions along the DNA
enable the tethering of functional modules like fluorophores or aptamers, allow

for biomedical applications of such tetrahedra.

© DNA origami and nanoscale folding: A major leap in nanoscale design came with
the advent of DNA origami?*¥. In this method, a long single-stranded scaffold
(first examples use the M13 bacteriophage genome) is folded into arbitrary 2D or

3D shapes by hundreds of short “staple” strands. This enables single-nanometre-
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Figure 5.1: (a) A DNA four-way junction with self-complementary, single-stranded
ends (‘sticky ends’) self-assembles into a quadrilateral shape. (b) DNA nanotech-
nology motifs. The top panels show tile motifs in DNA nanotechnology, and the
bottom panels show atomic force microscopy images of their assemblies into lattices.
The left panels show an example of a double-crossover (DX) tile; the middle panels
show an example of Y-shaped DNA motif self-assembly into hexagonal 2D lattices;
and the right panels show an example of three-helix bundles. (¢) Wireframe DNA
origami structure. Scale bars are 50 nm. Figure adapted from “DNA nanotechnol-
ogy” by Semen et al. Reproduced with permission from Springer Nature.

scale precision in constructing sophisticated geometries like smiley faces, maps,
and even nanoboxes (Figure ) DNA origami simplifies structural design, im-
proves folding yields, and increases robustness. Software tools such as caDNAno
allow rapid design of arbitrary structures. DNA origami has been used to make
reconfigurable boxes that can open in response to molecular cues, and nanocages

capable of drug encapsulation and triggered release232.
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5.1.3 Dynamic and responsive DNNA systems

The DNA-nanotechnology field has matured from static structures to dynamic,
stimuli-responsive devices. These systems undergo conformational changes in
response to environmental triggers such as pH, small molecules, or nucleic acids.
A central mechanism here is toehold-mediated strand displacement, wherein an
invading DNA strand displaces a pre-hybridized strand via binding to a single-

stranded overhang (toehold)233.

DNA-based nanomachines include:

o DNA walkers, which move stepwise on a track via sequential strand displace-

ment 254

o Nanorobots, such as an origami device that opens in response to antigen recog-
nition to release thrombin and induce cell death??®. Switchable tweezers and

25

aptamer gates, used for logic circuits and molecular computation?®® also as

dynamic processors and actuators in molecular-scale devices.

These systems exemplify how DNA nanostructures can function not only as scaf-

folds but also as dynamic processors and actuators in molecular-scale devices.

5.1.4 Biomedical applications of DN A nanotechnology

Drug delivery and theranostics: DNA origami devices have been loaded with

doxorubicin and targeted to cancer cells using aptamer modifications. These
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nanostructures improve pharmacokinetics, reduce off-target toxicity, and allow
triggered release in response to intracellular cues such as pH or miRNA pres-
ence?”. The high addressability of DNA scaffolds allows multi-drug loading and

co-delivery strategies.

Diagnostics and super-resolution imaging: DNA-based sensors offer high speci-
ficity and sensitivity in detecting nucleic acid biomarkers. Moreover, DNA-
PAINT (Points Accumulation for Imaging in Nanoscale Topography) uses tran-
sient binding of fluorescent DNA strands for super-resolution imaging, enabling

spatial resolution beyond the diffraction limit2,

Delivery for gene therapy and vaccines: Spherical nucleic acids (SNAs)—nanoparticles
coated with a dense shell of DNA—exhibit high cellular uptake and resistance
to nuclease degradation. SNAs have been used to deliver short interfering RNA
(siRNA), messenger RNA (mRNA), and immunostimulatory oligonucleotides in
clinical trials®?. Their modular design and intrinsic biocompatibility make them

strong candidates for personalized medicine (Figure |5.2)).
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Figure 5.2: DNA-based delivery vehicles for nucleic acid therapeutics delivery.
(a) Non-viral delivery of ASO and DNAzyme by a DNA tetrahedron for post-
transcriptional gene silencing. DNA nanocarriers enhance the cellular uptake of
ASO and DNAzyme. (b) Folate-modified DNA tetrahedra were used for the tar-
geted delivery of siRNA to xenograft tumors in wvivo.(c) siRNA delivery by SST
carriers for BCL-2 depletion in vivo. (d) CRISPR-Cas9 delivery by using PEI-
coated DNA nanoclews for genome editing. Figure adapted from “Designer DNA
nanostructures for therapeutics” by Jiang et al. Reproduced with permission from
Springer Nature.

Orthogonal interactions and logic-gated systems: One of DNA nanotechnology’s
most powerful features is its capacity for orthogonality—the design of indepen-
dent, non-interacting sub-systems within a framework. This enables parallel pro-
cessing of multiple molecular inputs using logic circuits built from strand dis-
placement reactions. For example, DNA-based logic gates (AND, OR, NOT)
that operate in response to inputs such as disease-specific miRNAs. These logic
gates have been used to control DNA nanorobot activity in live cells resulting
in the release of therapeutics only when specific combinations of biomarkers are
detected??, Logic-gated nanodevices can thus integrate molecular information
and execute intelligent behaviors at the cellular level, laying the groundwork for

autonomous molecular therapeutics.
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Thus, all these principles provide a platform for the building of biomolecular tools
that interact with cellular machinery in novel ways. Among emerging applications,
DNA-guided targeted protein degradation stands out as a promising area where
the information-coding and programmable nature of DNA can be combined with

small-molecule pharmacology.

5.2 Targeted protein degradation technologies

Targeted protein degradation has emerged as a transformative approach in small-
molecule drug discovery, offering a fundamentally distinct mechanism from con-
ventional enzyme inhibition. Unlike classical small-molecule inhibitors that require
sustained occupancy of a protein’s active or allosteric site to suppress function, de-
graders eliminate the protein altogether—thereby decoupling pharmacological ac-
tivity from occupancy. Among the most promising tools in this field are proteolysis-

targeting chimeras.

5.2.1 PROTAC small molecules

Proteolysis-targeting chimeras or PROTACs represent a paradigm shift in small-
molecule pharmacology by enabling the selective degradation of intracellular pro-
teins via the ubiquitin—proteasome system (UPS). PROTACSs function catalytically:
once a PROTAC binds its protein target facilitating its ubiquitination, the target

protein is eliminated, and the PROTAC is recycled to engage another target26Y,
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PROTAC:S are heterobifunctional molecules composed of two ligands tethered by a

linker:

¢ One ligand binds the protein of interest (POI), such as a kinase, transcription

factor, or epigenetic regulator

o The other recruits an E3 ubiquitin ligase, such as cereblon (CRBN), von Hip-

pel-Lindau (VHL), or MDM2

¢ The linker provides the right spatial orientation to facilitate ternary complex

formation between POI, PROTAC, and E3 ligase

Upon formation of the ternary complex, the POI is poly-ubiquitinated and sub-
sequently degraded by the 26S proteasome (Figure [5.3h). Since the process is not
reliant on inhibition of the protein target, PROTACSs can act on proteins previously

considered “undruggable”262:263

The first generation of PROTACSs, developed in the early 2000s, utilized peptide-

264 Subsequent

based E3 ligase ligands and exhibited low cellular permeability
iterations incorporated small-molecule ligands, notably thalidomide derivatives for

CRBN and VHO032 for VHL, significantly improving pharmacokinetics and bioavail-

ability269,

PROTACSs have now entered trials for diseases such as prostate cancer (ARV-110,

targeting androgen receptor) and breast cancer (ARV-471, targeting estrogen re-
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ceptor)2¢ (Figure [5.3p). The versatility of the platform also extends to immune

modulation, neurodegeneration, and viral infections.
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Figure 5.3: (a) PROTAC mechanism of action: A POI can be degraded by the
ubiquitin (Ub)-proteasome system in a process mediated by a PROTAC, a catalytic
molecule consisting of a POI ligand connected to an E3 ligand via a linker. Figure
adapted from “The PROTAC gold rush” by Garber, K. Reproduced with permission
from Springer Nature. (b) Structure and properties of two proteolysis-targeting
chimeras (PROTACSs) that have entered clinical trials, ARV-110 and ARV-471.
PROTACSs are composed of a target-binding moiety (green), a linker (orange) and
an E3 ligase-binding moiety (blue). Figure adapted from “PROTAC targeted protein
degraders: the past is prologue” by Békés et al. Reproduced with permission from
Springer Nature.

However, key limitations persist:

o Molecular weight often exceeds 800 Da, complicating drug-like properties

¢ Linker optimization remains entirely empirical, and thus, time-consuming

¢ Precise spatio-temporal control of degradation is lacking

These challenges have motivated exploration of modular, programmable frameworks—
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such as integration with DNA nanotechnology.

5.2.2 DNA-linkers for PROTACs

The linker is a crucial determinant of PROTAC efficacy, influencing cell permeabil-
ity, ternary complex formation, and degradation kinetics. Traditionally, linkers are

composed of polyethylene glycol (PEG), alkyl chains, or triazoles?6T.

These pro-
vide tunable length and flexibility, but offer limited programmability or stimulus-

responsiveness.

In contrast, DNA strands can serve as structural, dynamic, and stimuli-responsive
linkers between two functional ligands. This modularity opens up several advan-

tages:

¢ Precise length and geometry: Duplex DNA helices offer nm-scale control of spatial

distance and orientation

¢ Programmable hybridization: Complementary sequences can mediate conditional

assembly or disassembly of PROTAC units

o Responsive Behavior: DNA can be engineered to fold, unfold, or react via strand

displacement in response to environmental triggers

A recent advancement in the area is the design of DNA-framework-based PROTACs

(DbTACS): using rigid DNA tetrahedra to precisely control ligand orientation and
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68

spacing for optimized degradation®®. This approach improves structural control,

supports bispecific degrader formats, and enables high-throughput scaffold design.

Another study has developed a miR-21-responsive pre-PROTAC system using DNA
hairpins labeled with JQ1 and pomalidomide that assemble via a hybridization chain
reaction®®®. This design enabled tumor-selective BRD4 degradation with optional

light-controlled activation.

DNA-based PROTACs also enable novel delivery strategies. For example, DNA
linkers can be appended with aptamers to promote cell-specific uptake or embedded
within DNA origami carriers for encapsulation and co-delivery with nucleic acid

therapeutics?™.

However, challenges remain:

¢ Chemically unmodified-DNA is susceptible to nuclease degradation in vivo

¢ Large nucleic acid scaffolds may impair cell permeability and lead to poor delivery

¢ Conjugation chemistry between DNA and small molecules must be optimized
for scalability and yield—moreover, assembly into complex shapes is not readily

achievable or scalable

Despite these challenges, the integration of PROTAC and DNA nanotechnology
offers a powerful framework for constructing programmable, logic-responsive protein

degraders with enhanced specificity.
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5.3 Part II: Research Aims

The following chapter features work that aimed to address the aforementioned lim-
itations on PROTAC activity. This chapter attempted to develop tunable, chem-
ically stable PROTAC-DNA conjugates (OligoPROTACSs) that incorporate pro-

grammable oligonucleotide elements into the molecular design.

Our aim was to exploit the inherent programmability and structural predictability
of DNA to establish a system capable of offering greater external control over PRO-
TAC activity. In contrast to conventional small-molecule PROTACs, which are
constitutively active once delivered into the cellular environment, OligoPROTACs
were envisioned as constructs that could be selectively switched “OFF” through

rationally engineered, sequence-specific strand-displacement reactions.



Chapter 6

Tunable control over PROTAC Activity via DNA

Hybridization and Strand Displacement

6.1 Introduction

Targeted protein degradation has rapidly emerged as a game-changing strategy in

modern drug discovery?™.

Unlike conventional protein inhibition, which requires
continuous occupancy of active or functional domains, degradation eliminates the
protein altogether—resulting in several distinct therapeutic advantages. These in-
clude prolonged effects due to the complete removal of the target protein, reduced
drug dosage requirements, and an expanded range of potential targets within the
proteome. Since degradation doesn’t rely on the presence of catalytic sites or func-
tional motifs, it bypasses many of the constraints that limit traditional inhibition
approaches. Among the most promising tools for inducing targeted protein degra-

dation are proteolysis-targeting chimeras (PROTACSs)264272 These are heterobi-

functional, catalytic small molecules that simultaneous bind a protein of interest

176
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(POI) and an E3 ubiquitin ligase*™. This induced proximity enables E3 ligase-
mediated ubiquitination of the POI, flagging it for degradation. This allows for the

hijacking of a core mechanism of cellular protein turnover for therapeutic purposes.

Despite their enormous potential, the broader application of PROTACs has been
limited by concerns over specificity and toxicity?™. PROTACs have been suc-
cessfully developed to degrade clinically important proteins such as the androgen
receptor?™ and estrogen receptor?”®, and several candidates are currently undergo-
ing clinical evaluation. Nonetheless, the potent catalytic nature of PROTACsS raises

270 Uncontrolled degradation

challenges in regulating their activity across tissues
of the POI in both diseased and healthy cells may lead to significant toxicity. For
instance, while BET bromodomain inhibition is tolerable, complete loss of proteins
like BRD2 and BRD4 is lethal, narrowing the therapeutic index of PROTACs such
as dBET1, which targets these proteins?™®265  Additionally, the chemical scaffolds
commonly used in PROTAC development can be promiscuous, causing off-target

219 This underscores the urgent need for

degradation and systemic side effects
next-generation PROTACs with tunable activity to enhance control over protein

degradation and reduce unintended proteome-wide consequences.

To address these limitations, previous approaches have attempted to use stimuli-
responsive strategies for controlling PROTAC activation. Typically, these systems
remain inactive until triggered by an internal or external cue, allowing spatially

and temporally restricted activation. One such approach involves click-formed
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proteolysis-targeting chimeras (CLIPTACSs), which are generated intracellularly via
bioorthogonal click chemistry between two separately delivered precursors??. How-
ever, issues with mismatched pharmacokinetics and low in situ assembly efficiency

limit clinical viability. Internal triggers such as hypoxia28282

or reactive oxygen
species (ROS)% have also been exploited to activate PROTACS, though such cues
are often distributed across multiple tissues, increasing the risk of unintended ac-
tivation or “leaky” off-states. Photocaging has been applied to activate PROTACs
using light?8%, but poor tissue penetration of light hinders therapeutic application.
In contrast, mechanisms for inactivating PROTACSs post-activation remain scarce.

To date, only one reversible strategy has been described?8

, utilizing photoswitches
to toggle degradation on and off with UV /visible light. However, this too is limited
by the inherent drawbacks of light-dependent activation. As a result, a clinically vi-

able method to switch PROTAC activity “off”, a key feature for temporal precision

and safety, has yet to be developed.

In this work, we introduce a DN A nanotechnology-based method to inactivate PRO-
TACs on demand. DNA nanostructures are exceptionally well-suited for this pur-
pose due to their predictable base-pairing, tunable chemistry, and versatile 3D
architectures®®®. These attributes have enabled the design of programmable DNA
constructs for diverse biomedical applications, including targeted drug delivery?80,

2874288

bio-sensing, and molecular diagnostics . Recent advances in chemical modifi-

cations for improved nuclease resistance and delivery have accelerated the develop-
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ment of nucleic acid therapeutics, with over 23 approved drugs currently in clinical
use®®. Emerging work has explored incorporating DNA into PROTAC designs for
enhanced programmability and target selectivity?®?. For example, E3 ligase ligands

have been conjugated to sequence-specific oligonucleotides, such as aptamers?®

or transcription factor binding motifs1?3

, enabling selective degradation of nucleic
acid-binding proteins. However, previous attempts to use DNA nanostructures for
PROTAC control have faced practical challenges: attaching PROTAC warheads to
large DNA tetrahedra is synthetically demanding and difficult to scale up?%®, while
DNA-based hybridization chain reactions require dual strand delivery and complex

assembly in cells?0?,

6.2 Aims

The goal of this chapter was to establish the design of oligonucleotide-linked PRO-
TACs (OligoPROTACs)—modular, double-stranded oligonucleotide constructs as-
sembled by the hybridisation of two short DNA strands: one modified at the 3’-end
with a POI-binding ligand and the other at the 5'-end with an E3 ligase ligand. The
aim was to investigate whether the introduction of various non-complementary arms
into the double-stranded DNA (dsDNA) linker could optimise the spatial configura-
tion of the ligands to support efficient protein degradation. A toehold sequence was
also incorporated to enable reversible inactivation via strand displacement. In this

envisioned mechanism, the addition of a third, complementary “inhibitor” strand
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was anticipated to trigger toehold-mediated strand exchange, thereby disrupting the
duplex and separating the warheads, effectively switching “oft” protein degradation
activity. As this control element was encoded at the sequence level, it was expected
to offer a generalisable and programmable strategy for the dynamic regulation of

PROTAC function.

Consideration was also given to how the clinical translation of OligpPROTACs
might be facilitated by their design: short, double-stranded, chemically stabilised
oligonucleotides, structurally similar to small interfering RNAs (siRNAs), several
of which have already been approved as drugs for diverse indications by the FDA.
By leveraging the unique capabilities of DNA nanotechnology and incorporating
a simple, sequence-based off-switch, a framework was sought for enhancing the
precision and safety of PROTAC therapies. Taken together, the work in this chapter
was directed toward laying the foundation for future “smart” degraders that could
combine the power of protein degradation with programmable control using nucleic

acid scaffolds.

The objectives of this chapter were as follows:

¢ Synthesis and characterisation of high-yield high-purity oligonucleotide-linked

proteolysis targeting chimeras (OligoPROTACS)

¢ Functional and mechanistic validation of the activity of OligpPROTACs
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o Leveraging the presence of the DNA linker to establish temporal control over

PROTAC-mediated protein degradation

6.3 Results

6.3.1 Synthesis of OligoPROTACSs

The small molecule PROTAC AZ12%%Y was chosen as the chemical scaffold to inspire
OligoPROTAC design. AT1 is known to selectively degrade BRD4, a member of the
BET bromodomain protein family, and effectively inhibits tumor growth in AML2%2,
Structurally, AT1 comprises the well-characterised BET bromodomain inhibitor
(+)-JQ1%%3 as the POI-targeting ligand, and VH032 as the E3 ligase recruiter for
the VHL complex®?. For the OligoPROTAC, VH032 was conjugated to the 5-end
of one DNA strand and (4)-JQ1 to the 3'-end of the complementary strand. Upon

hybridisation, both ligands would be brought into spatial proximity at one end of

the dsDNA (Figure [6.1j).

To avoid biological activity from the DNA itself, a previously established non-
targeting control ASO sequence and its reverse complement were chosen™. All
oligonucleotides were contained phosphorothioate modified backbones to ensure re-

sistance to nucleases within cells.
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6.3.2 Synthesis of VH032-ssDNA conjugates with varying
linker lengths

The 5'- VH032 OligoPROTAC strand was synthesised from a commercial 5'- hexynl-

modified PS DNA with a commercially-sourced VH032-azide, through copper-catalysed

click chemistry (Figure [6.1p).

6.3.3 Synthesis of JQ1-ssDNA conjugates with varying linker
lengths

The 3'- (+)-JQ1 OligopPROTAC strand was synthesised from a commercial 3'- azide-
modified PS DNA with (+)-JQ1 alkyne, through copper-catalysed click chemistry
(Figure[6.1c). The (+)-JQ1 alkyne was synthesised in two steps: first, the Boc group
of (+)-JQ1 was deprotected to yield the (+)-JQ1 acid:™; followed by a hydroxyben-
zotriazole (HoBT) and (3-Dimethylamino-propyl)-ethyl-carbodiimide hydrochloride
(EDC-HCl)-mediated coupling with propargylamine, resulting in the formation of

(+)-JQl-alkyne'™™.

6.3.4 General annealing strategy for assembly for oligoPRO-
TACs

Both modified-DNA strands were purified using HPLC and analysed by LC-MS,

with yields >90% and purity >95% . The complementary strands were subse-
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quently combined in equimolar concentrations and annealed under high-salt condi-
tions with rapid thermal cycling. This procedure was chosen to promote efficient
hybridisation and minimise the formation of secondary structures or incomplete du-
plexes. Through this process, the intended OligoPROTAC constructs were reliably

assembled (Figure |6.1d).

Given the well-established importance of linker length in determining the efficacy of
small-molecule PROTACS, the spatial separation of the ligands in OligopPROTACs
was deliberately modulated in an analogous manner. To achieve systematic varia-
tion in linker length and spatial positioning, non-complementary thymine “arms”
were incorporated into the constructs at defined positions flanking the ligands. By
adjusting the number of these flexible spacer residues [ n = 0, 1, 2, 3, 5, 10], a
panel of OligopPROTACs was generated with tunable inter-ligand distances. This
design strategy was intended to probe how fine adjustments in spatial orientation
influence proximity-induced ubiquitination, and subsequent degradation. This was
done to mirror one of the key optimisation parameters in conventional PROTAC
development. Thus, these additional bases serve as tunable spacers between the

ligands and the duplex region (Appendix Figure m, Figure m Figure m
Figure [A.34] Figure Figure [A.36], Figure Figure [A.38] Figure
Figure Figure Figure |A.42)).
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Figure 6.1: Chemical synthesis of oligopPROTACs. (a) OligopPROTACS utilize a
double-stranded DNA linker to present PROTAC warheads, which recruit an E3
ligase to induce ubiquitination and subsequent degradation of a target protein. The
system includes a toehold sequence to facilitate a toehold-mediated strand displace-
ment mechanism as an “oft” switch for controlled activation. (b) Reaction scheme
for copper click conjugation of VH032 azide with 5’-alkyne modified PS DNA. (c)
Reaction scheme for copper click conjugation of (+)-JQ1 alkyne with 3’-azide modi-
fied PS DNA. (d) Native PAGE gel showing assembly of dsDNA oligoPROTAC. Fig-
ure re-produced from “DNA-programmable Protein Degradation: Dynamic Control
of PROTAC Activity via DNA Hybridization and Strand Displacement’ by Kashyap
et al., under CC-BY 4.0.
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6.3.5 Linkerology: varying oligopPROTAC linker lengths for
optimising efficacy

HEK293T cells were transfected with OligopPROTAC designs featuring different
linker lengths (Figure[6.2h), and BRD4 degradation was assessed via western blot-
ting after 12 hours. A clear distance-dependent pattern was observed (Figure[6.2p):
constructs with [n = 0] arms displayed minimal degradation, which improved as
linker length increased, peaking at [n = 3], where BRD4 degradation matched that
of the parent small-molecule PROTAC AT1. Further increasing linker length [n =
5, 10] diminished activity, with no degradation seen for [n = 10]. A similar relation-
ship was observed in HeLa (Figure [6.2¢) and A549 (Figure [6.2d) cells, again with

[n = 3] yielding the most effective degradation.

To confirm that activity was contingent upon precise ligand positioning, control con-
structs were generated. These included partial OligoPROTACs with only one ligand
(3'-(+)-JQ1 or 5-VH032 paired with a non-modified complement) (Figure [6.2f,g)
and an asymmetric construct with ligands on opposite ends (5-VH032 and 5'-(+)-
JQ1) (Figure [6.2h, Appendix Figure [A.43). None of these controls induced BRD4
degradation in any cell line, confirming that activity required both ligands being

correctly oriented on the same end of the duplex (Figure [6.2b-h).
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Figure 6.2: Screening of oligopPROTAC dsDNA linker length. (a) Assembled ds-
DNA oligopPROTAC with non-complementary thymine arms of varying lengths, |
n=0, 1, 2, 3, 5, 10 ]. (b) Western blot for BRD4 levels following treatment with
oligoPROTAC:S of varying dsDNA linker length, upon Lipofectamine 2000 transfec-
tion in (a) HEK293T, (b) HeLa, (c) A549 cells at 12 hours. Normalised to GAPDH
levels. (e) Chemical structure of small molecule PROTAC, AT1. (f) Structure for
(+)-JQ1 partial construct comprising of 3'-(4)-JQ1 oligopPROTAC strand annealed
to a non-modified complementary strand. (g) Structure for VH032 partial con-
struct comprising of 3'-(4)-JQ1 oligopPROTAC strand annealed to a non-modified
complementary strand. h) Structure for (4)-JQ1/VH032 asymm. construct, the
asymmetric oligpPROTAC, where the ligands are on opposite ends of the dsDNA
(5'-VHO032 and 5'-(+)-JQ1). Figure re-produced from “DNA-programmable Protein
Degradation: Dynamic Control of PROTAC Activity via DNA Hybridization and
Strand Displacement’ by Kashyap et al., under CC-BY 4.0.
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6.3.6 OligoPROTAC JQ1-VHO032 shares mechanistic simi-

larity to small molecule PROTAC, AT1

The most potent construct, OligopPROTAC [n = 3|, was benchmarked against the
parent small-molecule degrader AT1 to assess relative performance and mechanistic
similarities. BRD4 protein levels were assayed over a 12-hour time course across
a range of concentrations, providing a detailed view of concentration dependence.
OligoPROTAC [n = 3| displayed degradation profiles closely paralleling those of
AT1 (Figure ), and time-course experiments at 1 pM further confirmed highly

comparable kinetics of BRD4 depletion (Figure [6.3p).

Downstream effects were also evident: MYC protein and transcript levels were
markedly reduced, consistent with AT1 activity (Figure ,d). Phenotypic con-
sequences of cytotoxic stress—including cell rounding, reduced confluency, and im-
paired proliferation—were observed (Figure ), and cell viability assays confirmed
comparable cytotoxicity between OligoPROTAC [n = 3] and AT1 (Figure[6.3f). To-
gether, these findings demonstrated that the optimised OligoPROTAC reproduced
both molecular and phenotypic responses of AT1, validating DNA as a viable linker

for PROTAC design.
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Figure 6.3: Evaluation of efficacy and mechanistic characterisation of oligoPRO-
TAC [ n=3 | compared to small molecule, AT1. (a) Western blot for BRD4 levels
upon treatment with oligpPROTAC [ n=3 | or small molecule PROTAC, AT,
at concentrations indicated, upon Lipofectamine 2000 transfection/DMSO treat-
ment in HEK293T cells at 12 hours. Normalised to GAPDH levels. (b) West-
ern blot for BRD4 levels upon treatment with oligpPROTAC [ n=3 | or small
molecule PROTAC, AT1, at 1 pM over 6, 12, and 24 hours, upon Lipofectamine
2000 transfection/DMSO treatment in HEK293T cells. Normalised to GAPDH lev-
els. (c) Western blot for MYC levels upon treatment with oligpPROTAC [ n=3 ] or
small molecule PROTAC, AT1, at concentrations (0.25, 0.50, and 1.00 pM) upon
Lipofectamine 2000 transfection/DMSO treatment in HEK293T cells at 12 hours.
Normalised to GAPDH levels. (d) RT-qPCR data for MYC expression upon lipo-
fectamine transfection of oligoPROTAC [ n=3 | or AT1 incubation in HEK293T
cells at 1.00 pM over 6 hours, 12 hours, and 24 hours. (e) Phase contrast images
captured on the Incucyte of HEK293T cells treated with oligopPROTAC [ n=3 |
or small molecule PROTAC at 1.00 uM for 12 hours. Arrows indicate cells with
rounded morphology. (f) Cell viability upon treatment with oligoPROTAC [ n=3 |
or small molecule PROTAC at concentration indicated over a 24-hour time period
assessed by CellTiter Glo. Figure re-produced from “DNA-programmable Protein
Degradation: Dynamic Control of PROTAC Activity via DNA Hybridization and
Strand Displacement’ by Kashyap et al., under CC-BY 4.0.
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Experiments by Dr. Shozeb Haider, UCL School of Pharmacy

The structural arrangement of the ternary complex was explored to assess whether
the DNA helix of OligoPROTAC [n = 3] could be accommodated within the frame-
work of the BRD4-VHL crystal structure. Using ICM-Pro modelling based on the
MZ1 structure (PDB: 5T35), it was found that the duplex could be positioned with-
out steric clashes, and a plausible model of the ternary complex was successfully

constructed (Figure [6.4)).
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Figure 6.4: Molecular model of OligpPROTAC, (n=3) compared to small molecular
PROTAC, MZ1. (a) Crystal structure, 5T353, modified to show MZ1, PROTAC
warheads, VH032 and (+)-JQ1 in complex with BRD4: BD2 (yellow) and pVHL
(green). (b) Molecular model of OligoPROTAC, (n=3) with VH032 and (+)-JQ1
warheads in complex with BRD4:BD2 (yellow) and pVHL (green). The 23-bp
duplex DNA stem is illustrated as a space fill model. Figure re-produced from the
supplementary information of “DNA-programmable Protein Degradation: Dynamic
Control of PROTAC Activity via DNA Hybridization and Strand Displacement’ by
Kashyap et al., under CC-BY /.0. Data generated by prof. Shozeb Haider.

Together, this data showed that the OligopPROTACS achieve comparable degra-
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dation efficacy to small molecule PROTACSs in the case of both the dose-response
profile and BRD4 degradation kinetics. Moreover, the shared mechanistic features
such as downstream molecular targets and cytotoxicity of the OligopPROTAC and
small molecule PROTAC highlight that the DNA linker may allow control over

activity without affecting either potency or mechanism.

6.3.7 Tunable “on” and “off” oligopPROTAC states: toehold-
mediated strand displacement

To exploit the programmability of the DNA linker, a toehold-mediated strand dis-
placement reaction—widely employed in DNA nanotechnology—was integrated into
the OligoPROTAC design as a means of deactivating the construct on demand (Fig-
ure [6.5). The most effective design, OligoPROTAC [n = 3], was selected as the
scaffold for this strategy. A series of 3'-(4)-JQ1 ssDNA strands lacking the JQ1
modification and bearing 5'-toehold extensions of 7-10 nucleotides were annealed
to complementary 5-VH032 strands (without the VH032 modification), produc-
ing duplexes with a single-stranded toehold on one end and [n = 3] thymine arms
on the other (Figure ) Addition of a complementary anti-toehold strand trig-
gered strand displacement for all tested lengths, as confirmed by gel electrophoresis,

demonstrating feasibility in wvitro.

Based on prior in-cell validation?? the 8-base toehold was selected for further ex-

periments. To implement this in the functional degrader, the full-length 3'-(+)-JQ1
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strand with the 8-base toehold (Appendix Figure |A.44) was synthesised and an-
nealed to the 5’-VH032 strand, generating a construct with a toehold at one end and
the PROTAC ligands positioned on [n = 3| thymine arms at the other—establishing

a programmable off-switch within the OligoPROTAC architecture.
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Figure 6.5: (a) Schematic for the toehold mediated strand displacement reaction
between the toehold oligopPROTAC [ n=3 | with the anti-toehold complement, re-
sulting in disruption of dsDNA oligoPROTAC duplex and loss of activity. (b) Native
PAGE gel for screening toehold sequences (7, 9, 10-base pair toehold, sequences in
Supplementary Table 1) for toehold mediated strand displacement “off” switch for
OligoPROTAC construct. Figure re-produced from “DNA-programmable Protein
Degradation: Dynamic Control of PROTAC Activity via DNA Hybridization and
Strand Displacement’ by Kashyap et al., under CC-BY 4.0.

The “toehold”-containing construct was transfected into HEK293T cells, and BRD4
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degradation was assessed after 12 hours. The presence of the toehold did not impair
efficacy, with degradation levels comparable to the original OligopPROTAC [n = 3]
(Figure ,b). To deactivate the construct in cells, Lipofectamine 2000—complexed
toehold OligoPROTAC [n = 3] was co-transfected with anti-toehold strands at 1:1
and 1:3 molar ratios, delivered using separate complexes to ensure displacement
occurred only intracellularly. In both conditions, BRD4 degradation was abolished
(Figure [6.6b), whereas co-transfection with a scrambled strand failed to inhibit

degradation.

To determine whether BRD4 degradation could be reversed dynamically, sequential
transfections were performed. Cells were first transfected with toehold OligoPRO-
TAC [n = 3] for 12 hours to induce degradation, followed by transfection with either
the anti-toehold or a scrambled control strand for an additional 12 hours. After 24
hours, restoration of BRD4 protein levels was observed only in cells receiving the
anti-toehold complement, as confirmed by western blotting (Figure ) These
results demonstrated that the “off” switch operated via a sequence-specific strand
displacement mechanism occurring intracellularly, representing the first design of a

programmable sequence-encoded switch for controlling PROTAC activity.
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Figure 6.6: Dynamic “oftf” switch introduced into the oligpPROTAC through
toehold-mediated strand displacement. (a) Schematic for the toehold mediated
strand displacement reaction between the toechold oligopPROTAC [ n=3 | with the
anti-toehold complement, resulting in disruption of dsDNA oligoPROTAC duplex
and loss of activity. (b) Western blot of BRD4 levels upon co-transfection with
toehold oligopPROTAC [ n=3 |, along with anti-toehold complement and scram-
bled anti-toehold complement. Separate Lipofectamine 2000 nanoparticles were
produced for the oligoPROTAC and anti-toehold sequences, prior to transfection
in HEK293T cells. Normalised to GAPDH levels. (c¢) Western blot of BRD4 lev-
els upon treatment with toehold oligopPROTAC [ n=3 | for 12 hours, followed by
anti-toehold complement and scrambled anti-toehold complement and harvest at
24 hours. HEK293T cells were treated with the toehold oligpPROTAC [ n=3 ] for
12 hours and activity was then turned “off” with a second transfection with the
anti-toehold complement. Normalised to GAPDH levels. Figure re-produced from
“DNA-programmable Protein Degradation: Dynamic Control of PROTAC Activity
via DNA Hybridization and Strand Displacement’ by Kashyap et al., under CC-BY

4.0.
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6.4 Discussion

PROTACSs represent a promising class of targeted protein degradation technolo-
gies; however, their clinical applications have been constrained by off-target effects
and associated toxicity. Consequently, strategies to fine-tune PROTAC activity are
required. To address this, OligoPROTACs were developed, comprising PROTAC
warheads positioned in space by a short dsDNA linker. These constructs achieved
proximity-dependent protein degradation that could be switched “off” through the
addition of a third inhibitor strand. The inhibitor strand separated the duplex
linker, and thereby the PROTAC warheads, via toehold-mediated strand displace-
ment. As this control mechanism was independent of the warheads employed, it
offered a generalisable approach for regulating the activity of PROTACSs or other

heterobifunctional molecules.

This study demonstrated that DNA-based systems can be rationally designed to
minimise off-target effects and improve control over PROTAC function. Oligo-
PROTAC activity was validated across multiple cell lines, including HEK293T,
HeLa, and A549, representing diverse tissue types and biological contexts. These
results highlighted the broad applicability and robustness of the platform in both

non-cancerous and cancerous cellular environments.

The programmability of DNA further enabled precise tuning of OligopPROTAC

structures, including linker length, sequence, and binding affinities. While phos-
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phorothioate modifications were incorporated to enhance nuclease stability, the
platform readily accommodates additional chemical modifications to improve phar-
macokinetic and pharmacodynamic properties. Crucially, activity did not rely on
enzymatic recognition of the nucleic acid scaffold®®®. Moreover, OligopPROTACSs
closely resembled clinically approved short, double-stranded nucleic acid therapeu-
tics such as siRNAs, both in structure and composition. Their duplex architecture
and phosphorothioate-modified backbones render them compatible with established
siRNA delivery strategies, including lipid nanoparticles and conjugation to target-
ing ligands such as lipids, sugars, peptides, or antibodies™®. While the present
study focused on in vitro validation, the clinical success of siRNA therapeutics

provides a strong precedent for the future in vivo development and translation of

OligoPROTAC:S.

The implications of this work extend beyond enhancing the safety and clinical utility
of PROTAC therapies. By integrating DNA nanotechnology into protein degrada-
tion strategies, a pathway is opened toward the development of “smart” therapeu-
tics capable of adaptive responses to biological cues. For example, OligoPROTACs
could be engineered to respond selectively to disease-specific biomarkers, ensuring
that activity is restricted to pathological conditions. Furthermore, the modularity
of DNA nanotechnology offers opportunities for multiplexed targeting, enabling the

coordinated degradation of multiple proteins simultaneously.

In conclusion, OligopPROTACSs represent a significant step forward in the develop-
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ment of precision-protein degraders. By harnessing the programmability and ver-
satility of DNA nanotechnology, this approach provides a new layer of control over
therapeutic activity, paving the way for safer, “smarter”, and thus, more effective

protein degradation therapies.



Chapter 7

Future work

This section outlines prospective directions and opportunities for extending the
work presented in this thesis. Future work is organized by chapter to reflect the

structure and focus of each component of the project.

Chapter 2: Altering the subcellular localization
of ASOs to improve their therapeutic engagement

and efficacy

The work presented in this chapter establishes a novel platform for enhancing the
nuclear delivery and thereby, the therapeutic efficacy of ASOs via covalent conju-
gation to the small-molecule BET inhibitor, (+)-JQ1. This approach enables im-
proved nuclear accumulation and efficacy across multiple ASO chemistries, molec-

ular targets, and mechanisms of action, including RNase H-mediated knockdown

197
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and splice-switching. The strategy demonstrates broad applicability across various
cell lines, including clinically relevant models such as the THP-1, for acute myeloid
leukemias. These promising results open several avenues for further optimisation

and expanding the applications of this technology.

7.0.1 Mechanistic Elucidation of BET-Mediated Nuclear Im-
port

While the data supports a model in which (+)-JQ1-ASO conjugates directly en-
gage BET proteins to facilitate nuclear import, the precise trafficking mechanism
remains undefined. It is unclear whether the conjugates are co-transported through
active nuclear import pathways, retained within the nucleus following passive dif-
fusion, or trafficked via a BET protein-dependent shuttling mechanism. The best
insight we have to understand the mechanism at present comes from previous work
that demonstrate cytoplasmic-to-nuclear shuttling of cytosolic proteins, via BET
protein-dependent mechanisms, using hetero-bifunctional small molecules®®*, In
this study, the authors showed that a protein present in the cytosol can be rapidly
(within 1 hour) transferred to the nucleus by treatment with the small molecule
(Main text figures 1c and 2d). This short timeframe along with the shuttling of
a specifically cytosolic proteins, indicate an active transport mechanism. However,
further studies are necessary to elucidate the underlying dynamics and directional

trafficking involved with our oligonucleotide version.
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To delineate this, future work should incorporate real-time imaging approaches
such as live-cell single-particle tracking of fluorescently labeled ASOs to visualise
exact trafficking mechanisms. In parallel, proximity labelling-based approaches
coupled with mass spectrometry may help identify nuclear transport factors or
trafficking intermediates associated with the conjugates. These efforts will enable
the understanding of the precise mechanism of nuclear accumulation, including

whether it occurs via active transport or passive retention.

7.0.2 Alternative ligands for nuclear delivery and minimis-
ing off-target transcriptional perturbation

Although (+)-JQ1 demonstrates clear utility as a nuclear-targeting ligand, its es-
tablished role as a transcriptional modulator raises potential concerns regarding
off-target gene expression changes, especially in a therapeutic context. Transcrip-
tomic profiling revealed BRD4-inhibition mediated downstream effects in both tar-
geting and non-targeting (+)-JQl-conjugated ASOs. Moreover, (4)-JQ1 conju-
gation induced secondary transcriptional programs, including suppression of lipid
metabolism and cell cycle genes. Future work should refine the balance between
efficient nuclear delivery and unintended transcriptional modulation. Thus, a prior-
ity for future work is the identification and validation of alternative small molecule
ligands that preserve nuclear targeting capability while minimizing global transcrip-

tional effects.
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Now that this work has demonstrated the utility of BET bromodomain proteins in
enhancing ASO nuclear accumulation, future efforts can explore both orthosteric
inhibitors and allosteric modulators for this class of proteins. Promising alter-
natives may include small molecules that target nuclear-restricted proteins with
limited chromatin-modifying activity, such as nuclear transport receptors, splicing
regulators, or nucleolar proteins, offering more selective nuclear delivery with re-
duced transcriptional perturbation. A high-throughput screening pipeline compris-
ing nuclear-targeting ligand libraries conjugated to ASOs could identify promising
alternatives. This could also involve incorporating shorter-lived or cleavable (+)-
JQ1 analogues, limiting BET engagement duration. Alternatively, approaches such
as inducible or stimuli-responsive conjugates could allow for temporal control of
nuclear targeting. In parallel, single-cell RNA-seq could uncover cell-type specific

sensitivities to the conjugates guiding therapeutic window design.

7.0.3 Linker architecture and conjugation chemistry

In this work, a minimal azidoacetic acid-based linker was employed to conjugate
(+)-JQ1 to the ASO via copper-catalyzed click chemistry. While effective and
high-yielding, the linker design could influence intracellular trafficking, conjugate
flexibility, BET binding affinity, and even endosomal escape. Systematic exploration
of linker length, polarity, rigidity, and biodegradability will be important to optimize
intracellular trafficking and minimize steric hindrance or entropic penalties that

might impact protein interactions. Incorporating cleavable or pH-responsive linkers
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could also allow for nuclear-specific release of the ASO, potentially uncoupling the

delivery moiety from off-target activity post-import.

7.0.4 Expanding the nuclear-targeting platform to include
other nucleic acid drugs

While this study focused on conventional ASO chemistries, including 2’-OMe splice-
switching oligonucleotides and MOE gapmers, this nuclear-targeting strategy could
be extended to a broader class of nucleic acid-based agents. These include double-
stranded siRNAs that target nuclear-retained RNAs, antisense components of CRISPR
systems (for example, synthetic sgRNAs), or decoy oligonucleotides that sequester
nuclear-localized RNA-binding proteins. Additionally, nuclear-retained RNAs such
as NEAT1 and XIST2%" enriched in the nucleus and implicated in cancer or neuro-
logical disease, represent attractive therapeutic targets. Testing (+)-JQ1-conjugated
ASOs in these contexts may uncover new applications for gene regulation and mech-

anistic dissection of nuclear RNA biology.

7.0.5 In vivo evaluation in pre-clinical disease models

To establish translational potential, in vivo evaluation of (+)-JQ1-ASO conjugates
will be a critical next step. Pharmacokinetic and biodistribution studies should
assess tissue penetration, nuclear localization, and conjugate stability. Importantly,

therapeutic efficacy should be tested in xenograft or syngeneic models of diseases
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relevant to the targets studied, such as BCL-2-driven leukemias (for G3139) or solid
tumors expressing MALAT1 (for the MALAT1 gapmer). Moreover, AML mouse
models could be used to test whether (+)-JQ1-G3139 improves chemosensitization
to cytarabine in vivo. Additionally, toxicology profiling in animal models will help
establish safety margins and off-target effects associated with prolonged exposure
to the (4)-JQ1 conjugates. Fluorescence or radiolabeling may assist in quantifying

in vivo nuclear delivery and retention.

7.0.6 Integration with emerging hetero-bifunctional thera-
peutic strategies

The modularity of the (+)-JQ1-ASO design lends itself well to integration with
emerging bifunctional drug platforms. Inspired by proteolysis-targeting chimeras
(PROTACS) and molecular glues, future constructs could incorporate dual-targeting
elements. For example, coupling nuclear-targeting with endosomal escape agents or
aptamers. Similarly, combining the ASO payload with small molecules that simul-
taneously modulate epigenetic or splicing regulators may yield synergistic effects in
disease contexts with complex regulatory networks. The ability to fine-tune cellular
localization and target engagement through chemical design will be a powerful asset

in next-generation therapeutic development.

In summary, the (+)-JQ1-ASO conjugation platform presents a promising strat-

egy for enhancing the nuclear delivery and efficacy of oligonucleotide therapeutics.
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Building upon the proof-of-concept studies presented here, future work should focus
on refining molecular designs, expanding target scope, minimizing transcriptional

side effects, and validating therapeutic efficacy in vivo.

Chapter 3: Exploring RNase L recruitment via
an Activator-ASO conjugate for knockdown of the

MLL-AF4 fusion oncogene

The work presented in this chapter establishes a proof-of-concept framework for
targeted knockdown of the leukemogenic MLL-AF} fusion transcript using antisense
oligonucleotides (ASOs) conjugated to small-molecule RNase L recruiters. While
the results demonstrate specific and efficient in vitro activity of optimized ASOs and
outline a robust synthetic route for bioconjugation, several avenues remain open for

further investigation to develop this approach into a viable therapeutic strategy.

7.0.7 Structure-Activity Relationship studises for the de-
sign of RNase L activators

The current recruiter scaffold, an anilino-thiophene derivative, has low activity,
poor selectivity, and an unstable chemical structure (due to the presence of an
exocyclic double bond). Future work should explore SAR-based optimisation to

improve RNase L potency while avoiding global RNA degradation. Modifications
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to the aromatic core, linker composition, or PEG length could enhance engagement
and fine-tune activity. In parallel, new RNase L-targeting ligands with improved

pharmacokinetics or cell permeability should be explored.

7.0.8 Optimisation of RNase L ligand-ASO conjugate chem-
istry

Although high-yield and high-purity conjugates were obtained at small scale, scale-
up efforts led to reduced reaction conversion and lower product purity possibly
due to the instability of the ligand. Addressing this synthetic bottleneck will be
a key priority. Future work should explore alternative linker chemistries that of-
fer improved solubility, stability, and coupling efficiency. It is also important to
develop sequence-independent and backbone-agnostic conjugation strategies for di-

verse ASO chemistries to confirm broad applicability.

7.0.9 Functional validation of RNase L activator-ASO Con-
jugates

The ultimate goal of this work is to achieve cytoplasmic, catalytic degradation of
target mRNAs via RNase L activation. While the conjugates were synthesised,
in wvitro functional testing was not achieved due to scale up limitations. With
improved synthesis, a key next step will be to evaluate these conjugates in the SEM

leukemia cell line, assessing knockdown of MLL-AF/ at both the mRNA and protein
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levels. Comparisons to unconjugated ASOs and the previously established siRNA
(siMA6%%) will allow for the evaluation of potency and specificity improvements

achieved by RNase L recruitment.

7.0.10 Mechanistic studies and RNase L recruitment

To confirm that enhanced activity arises specifically from RNase L activation, future
experiments should incorporate RNase L inhibition or knockdown strategies (such
as siRNA or CRISPR). Co-localisation studies using fluorescently labelled ASOs
and immunostaining of RNase L could further elucidate intracellular recruitment

and mechanism of action.

This strategy holds promise as a next-generation nucleic acid therapeutic platform
that combines the catalytic power of cytoplasmic RNases with the sequence speci-

ficity of antisense oligonucleotides.

Chapter 4: Designing small-molecule ASO conju-
gates to harness the lysosome for targeted mRNA

degradation

This chapter on the development of lysosome-targeting antisense oligonucleotides

(LyTONSs) represents a significant advance in the field of nucleic acid therapeutics,
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establishing a third major mechanism for mRNA knockdown: lysosomal degrada-
tion. This approach, distinct from RNase H- and RISC-based methods, enables
targeted mRNA degradation through conjugation of ASOs to the small-molecule
lysosomal-importer, ispinesib. Our work demonstrates that the covalent ispinesib
modification can enhance the efficacy of both RNase H-inactive and RNase H-active
ASOs, with broad activity across multiple cell lines and modes of delivery. Future
work should focus on mechanistic understanding, translational validation, and plat-

form expansion.

7.0.11 Elucidating the molecular mechanism of LyTON traf-
ficking

A critical next step is to define the molecular mechanism of LyTON-mediated lyso-
somal degradation of target mRNA. While ispinesib has been shown to engage
LC3/GABARAP proteins as part of its ATTEC-like activity, the exact protein
partners responsible for LyTON internalisation and delivery remain undefined242:24L,
Proteomic pull-down assays, co-immunoprecipitation, and LC3-binding site muta-
genesis could identify the key adaptor proteins or chaperones that facilitate Ly-
TON routing. Additionally, live-cell imaging using fluorescently labelled LyTONs,
coupled with lysosome and autophagosome markers, could offer spatiotemporal res-

olution of intracellular trafficking pathways. These studies would help determine

whether LyTONs access the lysosome via macroautophagy, microautophagy, endo-
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cytosis, or a hybrid mechanism. Understanding these pathways will enable rational

design of next-generation LyTON conjugates with enhanced trafficking efficiency.

7.0.12 Structure-Activity Relationship of Ispinesib-Based

Warheads

Our current LyTON platform employs commercially available ispinesib—azide deriva-
tive conjugated via strain-promoted azide—alkyne click chemistry (SPAAC). Al-
though this approach has proven to be effective, future work should prioritise
mechanistic validation to identify direct protein binding partners and trafficking
pathways. Such insights will enable a more rigorous SAR analysis of the ispinesib
scaffold—for example, modifications to the ispinesib core, PEG linker, and elec-
tronic properties could be guided by lysosome reporter assays and LC3 recruitment
readouts. Moreover, this understanding would also allow for the high throughput
screening of alternative ligand scaffolds to achieve enhanced potency and selectivity

for lysosomal targeting.

7.0.13 Expanding the scope of target genes and disease
models

LyTONs have been tested in vitro against NCLI1 and MENI transcripts in immor-
talised cell lines. Given the modularity of the platform, future studies should expand

the range of gene targets and evaluate LyTONs in primary cells and disease-relevant
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models. Furthermore, in vivo validation using xenograft or genetically engineered
mouse models of MLL-rearranged leukemia (for MEN1 targeting) would establish
proof-of-concept efficacy. LyTONs could be evaluated for their impact on tumour

volume, survival, proliferation, and differentiation phenotypes.

7.0.14 Toxicology and transcriptome-wide off-target profil-
ing

Although LyTONs demonstrated minimal toxicity in vitro at sub-micromolar con-

centrations and no significant impact on housekeeping genes, further safety profiling

is required. Long-term exposure studies should evaluate potential lysosomal over-

load, autophagic stress, or immune activation. RNA-seq in LyTON-treated versus

wild type/ispinesib-modified NTC ASO treated cells will enable unbiased assess-

ment of off-target transcriptional activity. Parallel proteomic profiling could reveal

unintended effects on lysosomal or autophagy networks.

7.0.15 Understanding the dual-mechanism LyTON gapmers

One of the most promising observations in this work was the synergy between RNase
H-mediated cleavage and lysosomal degradation observed in the NCL1 gapmer Ly-
TON. These dual-mechanism constructs combine rapid enzymatic degradation with
sustained lysosomal targeting. Future work should test the additive or redundant

nature of these mechanisms across multiple sequences and chemistries. For exam-
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ple, it is unclear whether gapmers targeting nuclear-localised versus cytoplasmic

transcripts benefit equally from ispinesib conjugation.

7.0.16 Exploring alternative oligonucleotide chemistries

A major strength of the LyTON platform is its compatibility with RNase H-
inactive backbones, such as 2’- OMe and MOE. This opens the possibility of using
chemistries that are otherwise unsuitable for RNase H cleavage, but that offer supe-
rior stability, immuno-tolerance, or pharmacokinetics. Future studies could explore
PNAs, LNAs, and PMOs as LyTON scaffolds. These backbones can be incompat-
ible with knockdown mechanisms, but may find new utility when conjugated to

lysosomal-importers.

In summary, the LyTON platform introduces a novel and modular therapeutic
platform for cytoplasmic mRNA degradation. By leveraging lysosomal trafficking
via small molecule-ASO conjugates, this strategy bypasses the limitations of nuclear
localisation, RISC-dependence, and RNase H recruitment. Future work focused on
mechanistic elucidation, chemical diversification, and in vivo validation will pave the
way for LyTONs to become a generalizable and therapeutically valuable addition

to the oligonucleotide toolkit.
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Chapter 6: Tunable control over PROTAC Activ-
ity via DNA Hybridization and Strand Displace-

ment

This work introduces OligopPROTACS, a novel class of double-stranded DNA-based
proteolysis-targeting chimeras that enable programmable and reversible control
over protein degradation. By conjugating E3 ligase ligands and protein-of-interest
(POI) ligands to opposite ends of a tunable dsDNA linker, we achieved catalytic,
proximity-driven protein degradation. Furthermore, we engineered a toehold-mediated
strand displacement system that acts as a programmable “OFF” switch, enabling
dynamic inactivation of OligopPROTAC function in cells. These findings offer a
robust foundation for precision degraders that integrate the modularity of DNA
nanotechnology with the potency of PROTAC pharmacology. Several future di-
rections are possible to optimise, expand, and allow for clinical translation of this

technology.

7.0.17 Tuning Degradation Potency via DNA Structure and
Chemistry

One of the most significant findings in this work was the effect of “linker”, deter-

mined by the number of non-complementary thymine bases—on BRD4 degradation
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efficiency. Future studies should expand on various kinds of “linker” distances by
systematically testing alternative non-complementary spacers (for example, aba-
sic sites, PEG-modified bases) or rigid versus flexible spacers to alter DNA helical
geometry. These structural modifications could modify the spatial orientation of
the warheads in the ternary complex and potentially improve E3 ligase recruitment

efficiency.

Likewise, incorporating chemically modified backbones (for example, LNA, 2'- O-
methyl, 2’- fluoro, phosphorodiamidate morpholino oligomers (PMOs)) could in-
crease intracellular stability, reduce immunogenicity, and improve pharmacokinet-

ics.

7.0.18 Mechanistic elucidation: Kinetics and structural bi-

ology

While we have demonstrated that degradation is dependent on ligand positioning,
further elucidation of ternary complex formation and kinetics is essential. Tech-
niques such as fluorescence resonance energy transfer (FRET), surface plasmon res-
onance (SPR), and single-molecule tracking could quantify dissociation constants
(Kg4) and off-rates for ternary complex formation, assembly lifetime of the DNA-

protein complexes, and the recruitment kinetics of the ubiquitin machinery.

Additionally, cryo-electron microscopy (cryo-EM) or X-ray crystallography of BRD4-
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VHL complexes bound by the oligpPROTAC would provide structural insights into
orientation, spacing, and flexibility requirements for efficient degradation. These
data could inform rational linker design and model future constructs computation-

ally.

7.0.19 Expanding the platform to include other protein tar-
gets and E3 ligases

This work focused on degradation of the well-studied BET bromodomain protein
BRD4 using (+)-JQ1 and VHL ligand, VH032, as the PROTAC warheads. Fu-
ture designs should test different POI ligands such as FKBP12, CDK9, BCL-XL,
KRAS®2P | or mutant p53 along with recruiting other E3 ligases such as CRBN,

MDM2, RNF114, or cIAP.

We anticipate that linker flexibility, spatial constraints, and degradation efficiency
will vary based on warhead pairing. The modular nature of DNA enables rapid
generation of combinatorial libraries of OligopPROTACS to screen POI/E3 pairings
and linker configurations in parallel. These could be evaluated using high-content

imaging, proteomic profiling, or phenotypic assays in the relevant cell types.

7.0.20 Tissue-specific and stimuli-responsive OligoPROTACs

A key limitation of existing PROTACS is their constitutive activity, which may cause

toxicity in healthy tissues. Our work provides the first instance of a DNA-based,
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sequence-programmed “off” switch via toehold-mediated strand displacement. Fu-
ture improvements could extend this system to “on” switches and logic-gated con-
trol, including miRNA-responsive degradation activity and strand displacement cas-

cades triggered by specific intracellular redox or pH environments.

This would allow for precise spatiotemporal control of degradation and enable
Boolean logic operations over protein degradation (for example, AND, NOT, OR
gates). The potential for conditional activation of PROTAC degraders via the

OligoPROTAC design opens new avenues in cell type-specific therapeutics.

7.0.21 In vivo translation of OligoPROTACs

OligoPROTACSs resemble short double-stranded nucleic acids such as siRNA or
antagomiRs in structure and size. This similarity supports direct clinical translation
with existing delivery platforms such as LNPs used in siRNA drugs or GalNAc

conjugates for liver-specific delivery or AOCs for tissue-targeted therapies.

Building on this, the next steps toward translational development would include
pharmacokinetic, biodistribution, and serum stability studies in mice using fluores-
cently labelled or radiolabelled OligpPROTACSs. Pilot efficacy trials in xenograft
tumour models (for example, AML models with BRD4/MYC dependency) would
demonstrate therapeutic relevance. Additionally, immunogenicity screening and off-
target transcriptome analysis (RNA-seq, proteomics) would be essential for clinical

advancement.
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7.0.22 Multimeric and multivalent systems for simultane-
ous targeting of multiple proteins

Another promising direction is to expand from monomeric constructs to multivalent
OligoPROTACSs capable of simultaneous degradation of multiple proteins, bivalent
recruitment of the same POI for enhanced avidity or allosteric regulation of degrader

efficacy.

DNA origami and tile systems could enable precise spatial arrangement of multi-
ple warheads, while preserving programmability. Multivalent designs could exploit
cooperativity for enhanced degradation, or logic-gated degradation for exquisite

spatiotemporal conteol.

In conclusion, the OligoPROTAC framework merges the programmability of DNA
nanotechnology with the catalytic efficiency of PROTACS, offering precise control
over protein degradation. With tunable linker geometry and reversible strand-
displacement switches, these constructs address current limitations in specificity,
toxicity, and off-switch design. Continued development across chemistry, cell biol-
ogy, and therapeutic delivery will enable OligoPROTACSs to serve as a blueprint
for the next generation of smart, modular, and logic-responsive protein-degrading

biologics.



Chapter 8

Materials and methods

For clarity and ease of understanding, this section has been organized on a chapter-
wise basis, with each chapter detailing the specific experimental procedures relevant

to its corresponding results.

Chapter 2: Altering the subcellular localization
of ASOs to improve their therapeutic engagement

and efficacy

8.0.1 General synthesis

Reagents were purchased from commercial sources (Merck, Fluorochem, BLD Pharm
and Alfa Aesar) and used without further purification. Solvents were used as sup-
plied (analytical/HPLC-grade from Fisher or Sigma-Aldrich) or if dry solvents were

required, taken from a solvent drying system (MBraun MB-SPS-5-Bench Top) un-

215
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der nitrogen atmosphere (HO content < 20 ppm as determined by Karl Fischer

titration).

Eluent mixtures are reported in volume:volume or percent volume. Column chro-
matography was carried out using Merck Geduran Silica Gel 60 or on an auto-
mated Biotage Selekt One purification machine with Biotage Sfar Silica D Duo
flash chromatography cartridges. HPLC grade solvents were used for purifications,
extractions, and work-ups. TLC was carried out on Merck silica gel 60 F254 Al
plates visualized either under UV light (254 nm) or by staining with vanillin dye,

phosphomolybdic acid or permanganate.

NMR spectroscopy measurements were recorded using a Bruker AVII400, AVII500
or AVIII600 instrument and peaks were referenced to the residual solvent peak.
High Performance Liquid Chromatography (HPLC) was carried out on an Agilent
Technologies 1260 Infinity Machine equipped with an Agilent Polaris C18-A col-
umn, 150x4.6 mm, 5pm particle size and 180A pore size. Infrared Spectra (IR)
were recorded on a Bruker Tensor 27 FT-IR. Melting points (mp) were determined
using a Stuart SMP-40 automated melting point apparatus. Reversed-phase chro-
matography was performed on an ACQUITY I-Class PLUS UPLC System (Waters,
Milford, MA, USA) coupled to an ACQUITY RDa mass spectrometer (Waters, Mil-

ford, MA, USA) equipped with an ESI probe, in positive ion mode.
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8.0.2 (S)-2-(4-(4-Chlorophenyl)-2,3,9-trimethyl-6H-thieno|[3,2-

f][1,2,4] triazolo[4,3-a][1,4]diazepin-6-yl)acetic acid

Following a literature procedure™, to a stirred solution of (+)-JQ1 (90.0 mg, 0.2
mmol) in dichloromethane (4.0 mL) was added trifluoroacetic acid (0.5 mL). The
reaction mixture was stirred at room temperature for 2 hours. The reaction mixture
was concentrated under vacuum to give (+)-JQl-acid, and used without purifica-
tion. White solid, mp: 90-93 °C. *H NMR (600 MHz, CDCl3) §/ppm: 7.45 (d, J
= 8.6 Hz, 2H, C(17)H + C(19)H), 7.36 (d, J = 8.6 Hz, 2H, C(18)H + C(20)H),
6.36 (s, 2H, C(3)H + C(4)H), 4.63 (t, J = 6.8 Hz, 1H, C(21)H), 3.81-3.55 (m, 2H,
C(6)Hy), 2.74 (s, 3H, C(27)CHz), 2.44 (s, 3H, C(26)CH), 1.72 (s, 3H, C(13)CHs).
13C' NMR (101 MHz, CDCl3) 8/ppm: 173.48, 164.25, 155.29, 150.01, 137.04, 136.27,
131.98, 131.25, 131.02, 130.53, 129.97, 128.78, 53.68, 36.74, 14.45, 13.16, 11.77. IR
(film CDCl3/cm™) 3260, 2500, 1715, 1680, 1600, 1505, 1295, 760. HR-LC MS (ESI,
m/z): MS (ESI+) found 401.0835, [M+H]+. Characterisation data obtained was

in agreement with the literature values.
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8.0.3 (S)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno[3,2-
f][1,2,4] triazolo[4,3-a][1,4]diazepin-6-yl)-N-(prop-2-yn-

1-yl)acetamide

Following a patented procedure™. to a solution of (+)-JQ1 acid (160 mg, 0.4
mmol), prop-2-yn-1l-amine (26.4 mg; 0.5 mmol), EDCI-HCI (84.2 mg; 0.44 mmol),
and HoBT (74.4 mmol; 0.44 mmol) in DMF (2 ml) was added DIPEA (181 mg; 1.4
mmol). The reaction mixture was stirred at room temperature overnight. The reac-
tion mixture was subsequently diluted with water and extracted with ethyl acetate.
The organic layer was washed with brine, dried over NaySOy4, and concentrated.
The resulting residue was purified by normal phase column chromatography with
(0 to 10% MeOH : DCM) to give JQl-alkyne (159 mg; 87.8% ). Off-white oil, bp:
> 205 °C. 'H NMR (600 MHz, CDCl3) 8/ppm: 7.42 (d, J = 8.1 Hz, 2H, C(17)H +
C(19)H), 7.32 (d, J = 8.6 Hz, 2H, C(18)H + C(20)H), 6.93 (brs, 1H, C(23)NH), 4.63
(dd, J = 6.5, 6.5 Hz, 1H, C(21)H), 4.18 (ddd, J = 17.5, 5.6, 2.4 Hz, 1H, C(28)Ha),

3.97 (ddd, J = 17.5, 4.5, 2.3 Hz, 1H, C(28)Hb), 3.33 (dd, J = 14.0, 6.5 Hz, 1H,
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C(6)H), 2.60 (s, 3H, C(27)CHs), 2.33 (s, 3H, C(26)CHy), 2.14 (t, J = 2.5 Hz, 11,
C(30)H), 1.60 (s, 3H, C(13)CH,). 3C NMR (101 MHz, CDCly) &/ppm: 170.20,
164.32, 155.40, 150.16, 141.13, 137.05, 136.28, 131.72, 131.41, 131.10, 130.73, 129.91,
128.75, 128.57, 126.68, 125.86, 117.67, 110.94, 79.64, 71.47, 54.11, 53.43, 38.72, 29.7,
29.3. IR (film CDCl3/cm™) 3290, 2116, 1692, 1658, 1602, 1578, 1510, 1332, 1296,
760. HR-LC MS (ESI, m/z): MS (ESI+) found 438.1141 [M+H]+. Characterisa-

tion data obtained was in agreement with the patent.

8.0.4 Antisense oligonucleotide sequences

All unmodified oligonucleotides were purchased from IDT as desalted and lyophilised
products — resuspended in 10 mM Tris pH 8. Amine-containing oligonucleotides
were purchased from IDT, HPLC-purified in lyophilised form and dissolved in 10

mM potassium phosphate buffer, pH 8.
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Table 8.1: Antisense oligonucleotide sequences used for all transfection, electropo-
ration, gymnosis experiments with 5- terminal amine or azide modifiers for func-
tionalisation chemistry

* denotes phosphorothioate linkages

_denotes 2’-Methoxy-ethyl sugars

m denotes 2'- O-Methyl sugars

S.No. | Name Sequence (5 — 3')
1 SSO mC*mC*mU*mC*mU*mU*mA*mC*mC*mU*mC*mA*
mG*mU*mU*mA*mC*mA

2 MALAT1 gapmer | G*G*C*A*T*A*T*G*C*A*G*A*T*A*A*T*G*T*T*C

3 Oblimersen, G3139 | T*C*T*C*C*C*A*G*C*G*T*G*C*G*C*C*A*T

4 NTC-ASO THCHGH*T*GH*GH*G*T*A*G*G*T*C*C*G*C*A*C*T*A

8.0.5 (4)-JQ1-ASO conjugates synthesis, purification and

characterisation

Azidoacetic acid-NHS ester functionalisation

To a 0.5 mL Eppendorf DNA LoBind tube was added 1 pL of the PS-modified
DNA (100 pM stock concentration), 1 pL. of NaHCO3 pH 8.5 (1 M), 2 uL. of HyO,
5 pL of a 50 mM solution of azido-acetic acid NHS in dry DMF. The reaction
was vortexed, spun down in a tabletop centrifuge and placed in a Thermomixer

(Eppendorf) overnight, shaking at 800 rpm at 37 °C.

The excess hydrolysed small molecule was removed using Amicon 3K 0.5 mL spin

columns, according to the manufacturer’s instructions. Briefly, the reaction was
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made up to a volume of 500 pL. with HyO and spun at 14,700g for 10 minutes. The
eluent was removed and the above process was repeated for a total of three times.
The column was then inverted, inserted into a fresh collection tube and spun at

14,700g for 1 minute.

HPLC purification method for azido-modification

The eluent obtained was then purified by HPLC on an Agilent Polaris C18 column
(150 x 4.6 mm), column heated to 50 °C using a gradient of 3-30% CH3CN (indi-
cated in appendix figures) over 20 minutes, flow rate of 1.5 mL/min, with 10 mM

triethylammonium bicarbonate (TEAB) pH 8.5 as an ion-pairing buffer throughout.

(4+)-JQ1-functionalisation with copper click chemistry

To a 0.5 mL Eppendorf DNA LoBind tube was added, listed in order of addition,
1 pL of the PS-modified DNA (1 mM stock concentration), 1.5 pL of 1 mM (+)-
JQl-alkyne (stock in DMF), 1 uLi of 200 mM DIPEA, 5.5 pL of H,O, 1 pL of 200
mM sodium ascorbate and finally, 1 pL. of 200 mM copper (I) bromide-dimethyl
sulphide (stock in DMSO). The reaction was vortexed, spun down in a tabletop
centrifuge and placed in a Thermomixer (Eppendorf) overnight, shaking at 800
rpm at room temperature. An alternate protocol, listed in order of addition, used
1 pL of the PS-modified DNA (1 mM stock concentration), 1.5 pL of 1 mM (+)-
JQl-alkyne (stock in DMF), 0.4 pL of 100 mM sodium ascorbate, 1.6 nL. of HyO,

and finally, 0.5 pL. of 100 mM copper (I) sulphate pre-complexed with 100 mM
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Tris(3-hydroxypropyltriazolylmethyl)amine (1:1, final concentration of both at 50

mM), shaking at 800 rpm overnight at room temperature.

The reaction was quenched with 250 pL of 0.5 M EDTA pH 8, made up to 500
pL with HoO and first run through a Amicon 3K 0.5 mL column/tube as de-
scribed above to chelate excess copper and remove it along with the unreacted

small molecule. The final eluent collected after inversion.

HPLC purification method for (4)-JQ1 modification

The final eluent collected was then purified by HPLC on an Agilent Polaris C18
column (150 x 4.6 mm), column heated to 50°C using a gradient of 3-30% or 3-50%
CH3CN (indicated in Appendix Figures) over 20 minutes, flow rate of 1.5 mL/min,
with 10 mM triethylammonium bicarbonate (TEAB) pH 8.5 as an ion-pairing buffer

throughout.

Oligonucleotide MS characterisation

Oligonucleotide Mass Spectra were recorded on a Waters Xevo G2 QTOF ESI-
UPLC-MS system. A gradient of MeOH in Et3N and hexafluoroisopropanol (HFIP)
was used (buffer A, 8.6 mM Et3N, 200 mM HFIP in 5% MeOH/H50 (v/v); buffer
B, 20% buffer A in MeOH). Data was then deconvoluted using MassLynx software

v4.1 and recorded in Table [8.2]
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Table 8.2: Molecular weights of antisense oligonucleotide conjugates prepared via
azide/(4)-JQ1 functionalisation chemistry.

S.No. | Name Expected mass | Mass after deconvolution
1 Azide-SSO 6360.0 6359.8
2 JQ1-SSO 6799.0 6797.8
3 Azide-MALAT1 gapmer 7493.0 7491.6
4 JQ1-MALAT1 gapmer 7930.0 7928.6
5 Azide-G3139 5947.0 5945.5
6 JQI1-G3139 6385.0 6383.6
7 JQI-NTC-ASO 7239.0 7239.5
8 Azide-G3139-Cy3 6588.0 6590.0
9 JQ1-G3139-Cy3 7034.0 7030.0

8.0.6 Cell culture

HeLa pLuc/705, HEK293T, A549 cells were both cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 1X GlutaMAX (Gibco) and 10% (v/v)
Foetal Bovine Serum (FBS) (Gibco) and) at 37 °C in a humidified incubator with

5% CO2.

HEK293 cells were cultured in DMEM supplemented with 1X GlutaMAX (Gibco),
10% FBS (Gibco), 1% penicillin-streptomycin (Gibco), 1% HEPES (Gibco) and 1%

sodium pyruvate (Gibco), and maintained at 37°C in a humidified incubator with
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5% CO2.

THP-1 cells were cultured in Roswell Park Memorial Institute 1640 Medium sup-
plemented with 1X GlutaMAX (Gibco) and 10% (v/v) FBS (Gibco) at 37 °C in a

humidified incubator with 5% CO2.

8.0.7 Nucleic acid delivery: Lipid-based transfection, elec-

troporation, gymnosis

Transfection

For transfection with lipofectamine 2000, HeLa pLuc/705 cells were seeded at a
density of 1 x 104 cells/well in 100 pL of culture media in 96-well plates (Corning)
for 16 hours before transfection to reach 70-80% cell confluency. For HEK293T
AB549 cells, 2.5 x 10° 2.2 x 10° cells were plated in 1 mL of culture media in 24-
well plates (Corning) 16 hours before transfection to reach 70-80% cell confluency.
Prior to transfection, the culture media was replaced with OptiMEM, 100 pL for
the 96-well plates and 1 mL for the 24-well plates. When using HEK293 cells for
immunocytochemistry, cells were plated at a density of 5 x 10% cells/well in an
8-well chamber slide (Nunc, Thermo Fischer Scientific) in 400 pL of culture media
24 hours before transfection to reach 70-80% cell confluency. Prior to transfection,

culture media was replaced with 180pL fresh complete media.

For the HeLa pLuc/705 cells, 5 nL of Lipofectamine 2000 (Invitrogen) was diluted
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in 495 pl. OptiMEM (Gibco) and incubated at room temperature for 5 minutes
before mixing with 4 nmol of oligonucleotide dissolved in 500 pL of OptiMEM?2%,
The resulting mixture was incubated at room temperature for 20 minutes allowing
complexation to occur. The complexes were then added at the required concen-
trations to the cells (with total volume at 100 pL per well). The cells were then
incubated at 37 °C in a 5% CO2 incubator. After 6 hours the media was replaced
with 100 pL of culture media and the cells were returned to the incubator for a

further 18 hours.

For the HEK293T A549 cells HEK293, 2 nL of Lipofectamine 2000 (Invitrogen) was
added to 48 pL. OptiMEM (Gibco) and incubated at room temperature for 5 minutes
before mixing with 0.5 nmol of oligonucleotide dissolved in 50 pL of OptiMEM.
The resulting mixture was incubated at room temperature for 20 minutes allowing
complexation to occur. The complexes were then added to the cells at the required
concentrations (with total volume of 1 mL per well). The cells were then incubated
at 37 °C in a 5% CO2 incubator. After 6 hours the media was replaced with 1 mL

of culture media and the cells were returned to the incubator for another 18 hours.

For HEK293, briefly, as above OptiMEM-Lipofectamine 2000 complexes were pre-
pared by mixing the required volume of OptiMEM (Gibco) and the required volume
of Lipofectamine 2000 (Invitrogen) and incubated at room temperature for 5 min-
utes. The required volumes of ASOs to achieve a 200nM or 500nM dose were added

to the OptiMEM-Lipofectamine 2000, and the transfection mix was incubated for
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20 minutes at room temperature to allow for ASO-Lipofectamine 2000 complex for-
mation. 40nl of the transfection mix was added to the wells, and the cells were

returned to the incubator for 24 hours.

Gymnosis

For gymnosis, HEK293T cells were seeded at a density of 5 x 10% cells/well in
1 mL of culture media in 24-well plates for 16 hours before transfection to reach
70-80% cell confluency. Prior to transfection, the culture media was replaced with
OptiMEM and the ASO was added at the desired concentration. After 6 hours,
OptiMEM was replaced with 1 mL of complete culture media and the cells were

returned to the incubator for a further 90 hours (total time of 96 hours).

Electroporation

For electroporation, THP-1 cells were resuspended in complete media at a density
of 10% cells/mL and the ASOs were added directly to the cell suspension at the
desired final concentration. Cells were subjected to a 10 ms 330 V electroporation
using a rectangle pulse EPI 2500 electroporator (Fischer, Heidelberg), after which
they were diluted to 10° cells/mL. Cells were either harvested at 48h, or at this
point, a second electroporation was performed, and cells were harvested after a

further 48h for a 96h knockdown.
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8.0.8 Luciferase assay

The culture media was removed from the well and the cells were washed with 200
nL of PBS. 100 nL of GloLysisTM buffer (Promega) was added to each well and the
plate was incubated at room temperature on the orbital shaker for 10 minutes to lyse
the cells. 50 pL of the cell lysate was added to 50 pL of Bright-GloTM luciferase
reagent (Promega) in a white 96-well plate and the luminescence was measured
using a CLARIOstar microplate reader (BMG Labtech). The luminescence values

were normalised to the values for untreated cells.

8.0.9 BCA protein assay

25 nL of the cell lysate (as prepared above) was then used for protein quantification
using a Pierce BCA protein assay according to the manufacturer’s instructions,
using the GloLysis buffer as a blank standard. Briefly, a working reagent (WR)
was prepared by mixing 50 parts of BCA reagent A with 1 part of BCA reagent B.
To 25 pL protein lysate of each sample in a 96-well plate, 200 pL. WR was added.
The plate was covered with foil and incubated for 1 hour at 37 °C in a 5% CO2
incubator. Absorbance values were corrected for the GloLysis buffer and titrated

against known protein standards for quantification.
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8.0.10 Competition assay

For all competition assays, cells were co-treated with the specified concentrations of
(4)-JQ1 dissolved in DMSO and ASOs. Transfections were performed as described
previously, and the cells were treated with (4)-JQ1 treatment concurrently with
the addition of the lipofectamine-nucleic acid complexes. Luciferase assay was then
performed as described above for the SSO and JQ1-SSO conjugate and qPCR was
performed as described below for MALAT1 gapmer, JQI-MALAT1, G3139 and

JQ1-G3139.

8.0.11 CellTiter-Glo

Transfection experiments were carried out as outlined above. Cells were subjected to
the CellTiter-Glo assay at the indicated time points following the manufacturer’s
guidelines. Briefly, 100 pL. CellTiter-Glo Reagent was added to 100 pnl of media
containing cells in a white (Thermofischer Nunc MicroWell polystyrene, 236105) 96-
well plate. Subsequently, the contents of the wells were mixed on an orbital shaker
for 2 minutes to induce cell lysis. The plate was then incubated at room temperature
for 10 minutes to stabilize the luminescent signal. The luminescence was measured
using a CLARIOstar microplate reader (BMG Labtech). The luminescence values

were normalised to the values for untreated cells.
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8.0.12 RT-qPCR

RINA extraction

Total RNA was extracted and DNase I-treated from pellets with 1 x 10° cells using
the RNeasy Mini kit (Qiagen) following the manufacturer’s instructions. Briefly,
cell pellets were lysed by dissolving in RLT buffer containing -mercaptoethanol,
followed by addition of 70% ethanol and transfer to a spin column. The columns
were centrifuged at 12,000g, treated with DNase I (Qiagen), washed with RW1 and
RPE buffers, and the RNA, thus obtained, was eluted in RNase-free water. RNA

quality and concentration were assessed using NanoDrop (ThermoFisher Scientific).

Reverse transcription — cDNA synthesis

RNA was reverse-transcribed (RT) using SuperScript III (ThermoFisher Scientific)
as follows. 1 pg of RNA in 8 ul total volume was incubated with 1 pL. random
hexamers (3pg/nl, 58875) and 1 pL of a mix of all four deoxynucleoside triphos-
phates (ANTPs, 10mM 18427-013) and nuclease-free HyO at 65 °C for 5 minutes.
The complementary DNA (¢cDNA) was synthesised from the above RNA-primer-
dNTP solution with the cDNA synthesis reaction mix in Table 8.3l under the cDNA

synthesis reaction conditions in Table [8.4]
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Table 8.3: Composition of the cDNA synthesis reaction mix used for reverse tran-
scription. The mix includes RNA, random hexamer primers, and dNTPs, followed
by essential components for first-strand synthesis including buffer, DTT, RNase
inhibitor, and SuperScript III reverse transcriptase.

S. No. | Component Volume (pL)
1 RNA, random primers, dNTPs mix 8
2 5X First Strand Buffer 4
3 Nuclease-free HoO 2
4 1,4-Dithiothreitol (DTT) 2
5 RNaseOUT (00000840) 1
6 SuperScript III (200 U/pL, 56575) 1

Table 8.4: Reaction conditions for the reverse transcription reaction using Super-
Script II1.

S. No. | Temperature (°C) | Time (minutes:seconds)

1 25 5:00
2 20 60:00
3 70 15:00

cDNA samples were diluted 10x for Reverse transcriptase quantitative polymerase
chain reaction (RT-qPCR) analysis. The reaction mix in Table was set up in
individual wells of a 96-well PCR plate (MicroAmp Fast Optical 96-well Reaction
Plate, 4346906, Applied Biosystems). SYBR green was used for quantification in in
QuantStudio 3 Real-time PCR machine (qPCR primers listed in Table using

reaction conditions in Table[8.7] Gene expression was normalized to mature mRNA
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Table 8.5: Composition of the RT-qPCR reaction mix used for SYBR Green-based
quantification. The reaction includes forward and reverse primers, SYBR Green
master mix, nuclease-free water, and template cDNA.

S. No. | Component Volume (pnL)
1 10 uM Forward Primer 0.5
2 10 nM Reverse Primer 0.5
3 Fast SYBR Green Master Mix (4385612, Applied Biosystems) 10.0
4 Nuclease-Free Water 4.5
5 DNA 5.0

Table 8.6: Primer sequences used for SYBR Green-based RT-qPCR assays to quan-
tify knockdown. FWD and REV refer to forward and reverse primer sequences

respectively.
S. No. | Name Sequence (5 — 3')

1 GAPDH FWD | TTGGCTACAGCAACAGGGTG
2 GAPDH REV | GGGGAGATTCAGTGTGGTGG
3 MALAT1 FWD | GAAGGAAGGAGCGCTAACC
4 MALAT1 REV | TACCAACCACTCGCTTTCCC
5 BCL2 FWD CCCTGTGGATGACTGAGTACCTG
6 BCL2 REV CCAGCCTCCGTTATCCTGG
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Table 8.7: Table B: Thermal cycling conditions used for SYBR Green-based RT-
gPCR analysis. The protocol includes initial denaturation, repeated denaturation-
annealing-extension cycles, and final extension.

S. No. | Temperature (°C) | Time (minutes:seconds) | Cycles
1 95 3:00 1
2 98 0:20 30
3 65 0:15 30
4 72 1:00 30
) 72 2:00 1

8.0.13 Western blotting

Salt-soluble proteins were extracted from 1x10° cells by incubating cells in a high-
salt lysis buffer (20 mM Tris-HCI pH 8.0, 300 mM KCI1, 5 mM EDTA, 20% glycerol,
0.5% IGEPAL CA-630, protease inhibitor cocktail (PIC)) for 30 minutes at 4 °C.
Lysates were centrifuged at 16,000g for 10 minutes and 4 °C, and the supernatant
was mixed with LDS sample buffer for running SDS-PAGE followed by western
blotting. Protein extracts were then run on a NuPAGE 12% BisTris gels (Life
Technologies) at 180V for 1 hour and blotted onto a polyvinylidene fluoride mem-
brane (Immobilon) at 100V for 1 hour using a Tris-glycine blotting buffer®®* The
blots were then probed with 1:10,000 dilution of primary antibody for BCL-2 (CST
#4223, D55G8) and GAPDH (Bethyl, A300-641A) in 5% milk/TBS-tween at 4
°C overnight. BCL-2 / GAPDH blots were then probed with secondary antibody

(ab216773, IRDye 800CW) for 2 hours at room temperature, followed by imaging
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on the ChemiDoc MP system.

8.0.14 Subcellular fractionation — Cy3 quantification

1x105 cells were lysed in 1 mL Buffer A (10 mM HEPES pH 7.9, 10 mM KClI,
1.5 mM MgCl ;| 0.34 M sucrose, 10% glycerol) with 0.2% NP-40 and 1:200 PIC
for 5 minutes on ice. Following a 5-minute centrifugation at 500g and 4 °C, the
cytoplasmic fraction (supernatant) was removed, and intact nuclei (pellet) were
washed once in Buffer A with PIC. Nuclei were then resuspended in 1 mL Nuclear
lysis buffer (50 mM Tris-HCI, pH 8.0, 2 mM MgCl12, 150 mM NaCl) with 0.5% NP40
and 1:200 PIC for 1 hour on a rotating wheel at 4 °C. After centrifugation at 18,000g
for 10 min and 4 °C, the supernatant containing the nuclear fraction was obtained.
Equal proportions of each fraction were adjusted to 1x NuPage LDS sample buffer

(ThermoFisher Scientific NP0008) for SDS-PAGE, followed by western blotting.

Whole cell lysate controls were prepared with lysis directly in BC300 buffer (50
mM Tris-HCI, pH 8.0, 300 mM KCI, 5 mM EDTA, 20% glycerol) with 0.5% NP40
and PIC for 30 minutes on ice. Lysates were centrifuged at 16,000g for 10 minutes
and 4 °C, and the supernatant was mixed with LDS sample buffer for running
SDS-PAGE followed by western blotting. To ensure successful fractionation was
achieved, cytoplasmic protein, GAPDH (Bethyl, A300-641A) and nuclear-localised

Menin (Bethyl A300-105A) were probed in respective fractions via western blotting.

Cy3 fluorescence readout was obtained by taking the respective cytoplasmic or



234 (+)-JQ1-modified antisense oligonucleotides

nuclear fractions in a white (Thermofischer Nunc MicroWell polystyrene, 236105)
96-well plate, and using the Cy3 settings (excitation peak at 554 nm, emission peak
at 570 nm) for reading fluorescence using the CLARIOstar microplate reader (BMG
Labtech). The fluorescence values were normalised to the values for the respective

subcellular fractions for untreated cells.

8.0.15 Immunocytochemistry (ICC)

Experiments performed by Martina Caddedu (MRC NATA)

Nuclear stain was prepared by diluting Hoechst 3342 dye (Invitrogen) in PBS to
obtain a 1:2000 dilution. Cell media post-transfection was removed, and 400 L
of nuclear stain was added followed by an incubation for 5 minutes at room tem-
perature on a shaker with protection from light. The nuclear stain was then re-
moved, and the cells were washed with PBS 3 times for 5 minutes each. Next,
4% paraformaldehyde (PFA) solution was prepared by diluting a 16% PFA stock
(Thermo Scientific) in PBS. The PBS from the washes was removed, and 400 pL
of 4% PFA was added to the cells followed by incubation for 10 minutes at room
temperature on a shaker with protection from light. Then the PFA solution was
removed, and the cells were washed 3 times with PBS for 5 minutes each. Next,
the permeabilization buffer was prepared by diluting Triton-X (Bio-Rad) in PBS
to obtain a 0.1% solution. The PBS from the washes was then removed and 400

nL of 0.1% permeabilization buffer was added followed by incubation for 10 min-
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utes at room temperature on a shaker with protection from light. Blocking buffer
was then prepared by diluting goat serum (Gibco) in permeabilization buffer to
obtain a 5% solution. Thereafter, the permeabilization buffer was removed, 400
nl of 5% blocking buffer was added and incubated for 1 hour at room tempera-
ture on a shaker with protection from light. The primary antibody dilutions were
prepared next. The primary antibodies PS03 (mouse) (Rockland Immunochemi-
cals) and o/B-tubulin (rabbit) (Cell Signalling Technology) were diluted in blocking
buffer to obtain 1:1000 and 1:500 dilutions respectively. The blocking buffer was
removed and 400 pL of diluted antibodies was added followed by incubation for 1
hour at room temperature on a shaker with protection from light. Diluted primary
antibodies were then removed, and the cells were washed 3 times with PBS for
5 minutes each. Thereafter, the secondary antibodies anti-mouse AF488 (Invitro-
gen) and anti-rabbit AF467 (Invitrogen) were diluted in blocking buffer to obtain
1:2000 dilutions each. The PBS from the washes was removed and 400 pL of the
diluted secondary antibodies was added followed by incubation for 1 hour at room
temperature on a shaker with protection from light. The cells were then washed 3
times with PBS for 5 minutes each for the final time. Slides were then mounted in

Fluoromount-G mounting medium (Invitrogen).
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8.0.16 Imaging and image processing

Experiments performed by Martina Caddedu (MRC NATA)

Imaging was performed on a Zeiss LSM 900 confocal microscope equipped with a
63x objective (immersion oil) (Carl Zeiss). 2-D images and 3-D Z-stack images were
acquired on ZEN blue (Zeiss) software 3.7 with the following parameters: bidirec-
tional scanning, 4x averaging, 16 bits per pixel, 10-20 slices with a range of 10-20
pm and interval of 1 pm. Images were processed and analysed using Zeiss ZEN soft-
ware (Carl Zeiss) and Fiji (NIH). For each treatment, three randomly selected fields
of view were used to generate 2-D images and Z-stacks. For each Z-stack image,
maximum intensity projections were generated, and the areas of AF488 within the
nuclei and Hoechst 3342 signals were measured. Statistical analysis was performed
using the GraphPad Prism 10.4.1 software. Data are presented as mean + standard
error of the mean (SEM). Differences between groups were analysed using One-Way

Analysis of Variance (ANOVA) followed by Sidédk’s multiple comparisons test.

8.0.17 RNA-seq

RNA extraction and polyA+ selection

Performed as outlined above in section Section[8.0.121 RNA concentration was mea-
sured using the Nanodrop (ThermoFisher Scientific) and RNA quality was assessed

using RNA Screen Tape (Agilent 2200 TapeStation system). PolyA4+ RNA was
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separated from polyA- RNA using the NEBNext Poly(A) mRNA magnetic isola-
tion module (E7490, NEB). Briefly, 1 ng of total RNA was incubated with oligo dT
beads in 1X RNA binding buffer at 65 °C for 5 minutes and then cooled to 4 °C.
Material not attached to the beads containing the polyA- was discarded. The beads
were washed twice in wash buffer and resuspended in 50 pL. Tris-HCI, followed by
incubation at 80 °C for 2 minutes to elute the RNA. 1X RNA binding buffer was
added to the beads again, and the RNA was allowed to re-bind the beads in a

5-minute incubation at room temperature.

Library preparation and sequencing

Next generation sequencing libraries of the polyA+ fraction were generated using
the NEBNext Ultra II Directional RNA library preparation kit (E7760, NEB).
Library quality was assessed using the DNA 1000 High Sensitivity Screen Tape
(Agilent 2200 TapeStation system) and quantified by High Sensitivity dsDNA Qubit
(Thermofischer Q32851) followed by 150-base pair paired-end Illumina sequencing

by Azenta.

Bioinformatics analyses

Sequencing data were processed by Catherine Chahrour with the Seqnado pipeline
developed by Catherine Chahrour and Alastair Smith in the Milne lab: https://
github.com/alsmith151/SeqNado. Quality checking of FastQ files was performed

using FastQC (v0.12.1)3%, The reads were trimmed using Trim Galore (v0.6.10)3%L.


https://github.com/alsmith151/SeqNado
https://github.com/alsmith151/SeqNado
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STAR (v2.7.10b) was then used to map the trimmed reads to the hg38 reference
genome®?2,  Quantification of gene expression was performed using featureCounts

(v2.0.3)2%,  Differential gene analysis was performed using DESeq2 (v1.40.2)3%4,

Batch effect correction was carried out using RUVSeq (v1.36.0)3%.

Chapter 3: Exploring RNase L recruitment via
an Activator-ASO conjugate for knockdown of the

MLL-AF4 fusion oncogene

General synthesis

As outlined in Section [8.0.1, all synthetic procedures were conducted using com-
mercially sourced reagents without further purification, and solvents were employed
as supplied or dried under nitrogen when necessary. Standard purification and an-
alytical techniques, including column chromatography, TLC, NMR, MS, LC-MS,

HPLC, and IR spectroscopy, were used as described previously.
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8.0.18 Ethyl 4-oxo-2-(phenylamino)-4,5-dihydrothiophene-

3-carboxylate

— 11
6 o
O 8/7 e
\ 12
2 4 NH

Following a literature procedure®™®, to a solution of ethyl 4-chloroacetoacetate (2.9
mL, 21.4 mmol, 1 eq.) in dioxane (17.4 mL) was treated with sodium hydride
(0.98 g, 0.097 mol of NaH, 60 % dispersion in oil) at 30°C. Once the evolution of
hydrogen ceased, a solution of phenyl isothiocyanate (2.5 mL, 17.3 mmol, 97 mmol)
in dioxane (25 ml) was added at 25-30°C. The temperature was allowed to reach
40°C, and after stirring for 1 hour, the thick slurry so formed was added to water and
the solid formed was collected, washed with water and recrystallised using ethanol
(13.3 g, 87%). Pale-yellow coloured solid, mp: 135-140 °C. '"H NMR (400 MHz,
CDCl3) 8/ppm: 11.50 (s, 1H, N(12)H), 7.46 (t, J = 7.7 Hz, 2H, C(15)H + C(17)H),
7.40-7.31 (m, 3H, C(14)H, C(16)H, C(18)H), 4.38 (q, J = 7.1 Hz, 2H, C(10)H,),
3.64 (s, 2H, C(5)Hy), 1.41 (t, J = 7.1 Hz, 3H, C(11)CHj3); *C NMR (101 MHz,
CDCl3) 6 191.15, 183.26, 166.68, 136.94, 129.71, 127.76, 124.06, 97.89, 60.54, 38.05,
14.48. TR (film CDCl3/cm™) 3295, 1768, 1716, 1598, 1510, 1258, 1168, 2978, 760,

702. HR LC-MS (ESI+) found 264.1001 [M+H+]. Characterisation data obtained
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was in agreement with the literature values.

8.0.19 2-(2-(2-hydroxyethoxy)ethoxy)ethyl-4-methyl-

benzenesulphonate

10
5 O " 4 7 e
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Following a literature procedure®®®, to a solution of triethylene glycol (1 mL, 6.75
g, 44.9 mmol) in dichloro-methane, DCM (2 mL) was added tosyl chloride (0.2 g,
5.2 mmol, 1 eq.), and the reaction mixture was stirred at 0°C before triethyl amine,
Et3N (0.3 mL, 10.4 mmol) was added dropwise. Solution was stirred overnight at
room temperature and was extracted with aqueous sodium bicarbonate, NaHCOj3
aq. and DCM three times. The combined organic phase was dried over magne-
sium sulphate, MgSO,4 and concentrated to provide monotosylated-triethylene gly-
col (1.52 g, 95% yield). Colorless oil. "H NMR (600 MHz, CDCl3) §/ppm: 7.74-7.30
(dd, 4H, Ar-H, C(5)H, C(6)H, C(1)H, C(2)H), 4.09 (m, 2H, C(12)H,), 3.64-3.50 (m,
10H, C(13)H,, C(14)H,, C(15)H,, C(16)H,, C(18)Hy), 2.38 (s, 3H, C(7)CHs); 13C
NMR (101 MHz, CDCl3) 5/ppm: 145.6, 137.0, 129.6, 127.7, 72.3, 70.9, 70.5, 70.2,
69.4, 62.0, 21.5. IR (film CDCl3/cm™) 3350, 3030, 2955-2850, 1598, 1495, 1360,
1180, 1110-1065, 965-930, 820, 705. LR LC-MS (m/z): MS (ESI+) found 305.29.

HR-LC MS (ESI, m/z): MS (ESI+) found 305.3012 [M+H+]. Characterisation
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data obtained was in agreement with the literature values.

8.0.20 3-hydroxy-4-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)

benzaldehyde

12 10 14 16 18

PN O o
To a solution of NaH (0.84 mg, 60% oil dispersed, 21.0 mmol) in DMF (2 mL) was
added a solution of 3,4-dihydroxybenzaldehyde (500 mg, 21.9 mmol) in DMF (2 mL)
at 0 °C. After stirring for 30 minutes, TEG tosylate 2 (1.14g, 21.9 mmol) in DMF (2
mL) was added. The mixture was gradually warmed to room temperature, heated
to 90°C and stirred overnight. The solvent was evaporated and residue so obtained
was purified by silica gel column chromatography (Hexane:AcOEt=9:1-1:1) to yield
product (250 mg, 54% based on recovery of the starting material). Tan-coloured
solid. 'H NMR (600 MHz, CDCl3) &/ppm: 9.86 (s, 1H, C(7)CHO), 7.46 (s, 1H,
C(1)H), 7.37 (dd, J = 8.2, 2.0 Hz, 1H, C(5)H), 6.95 (dd, J = 12.3, 8.3 Hz, 1H,
C(2)H), 4.29-4.21 (m, 2H, C(11)H,), 3.91 (dt, J = 6.7, 2.8 Hz, 2H, C(12)HH,),
3.81-3.70 (m, 10H, C(13)HH,—C(18)HH,), 3.70 (dt, J = 6.2, 2.0 Hz, 2H, C(19)H,).
13C NMR (101 MHz, CDCl;) 3/ppm: 190.41, 151.63, 147.38, 146.85, 131.31, 123.85,

123.84, 72.33, 70.76, 70.41, 70.13, 69.34, 61.97. IR (film CDCl3/cm™) 3508, 2894,



242 RNase L ligand-antisense oligonucleotide conjugates

1682, 1285, 1129, 808. LR LC-MS (m/z): MS (ESI+) found 271.80 [M+H+]. HR

LC-MS (ESI+) found 271.8010 [M+H+].

8.0.21 ethyl-5-(3-hydroxy-4-(2-(2-(2-
hydroxyethoxy)ethoxy)ethoxy)benzylidene)-4-
0x0-2-(phenylamino)-4,5-dihydrothiophene-3-

carboxylate

A solution of thiophene 4.1.1 (47.6 mg, 0.55 mmol), aldehyde 4.1.3 (150 mg, 0.55
mmol), and piperidine (169.5 uL, 0.55 mmol) in EtOH (1 mL) was heated at 80
°C by microwave for 4 hours. The solvent was evaporated and the product was
purified by silica gel column chromatography (AcOEt only) to give product (208
mg, 72.6%). Yellow solid. 'H NMR (600 MHz, CDCl3) &/ppm: 11.48 (s, 1H,
N(12)H), 7.72 (s, 1H, C(5)H), 7.50-7.45 (m, 2H, C(14)H + C(18)H), 7.40-7.33 (m,
3H, C(15)H C(17)H), 7.11 (d, J = 2.2 Hz, 1H, C(25)H), 6.99 (dd, J = 8.4, 2.2
Hz, 1H, C(20)H), 6.84 (d, J = 8.4 Hz, 1H, C(19)H), 4.40 (q, J = 7.1 Hz, 2H,

C(10)H,), 4.20-4.15 (m, 2H, C(28)H,), 4.11 (q, J = 7.2 Hz, 1H, C(4)H), 3.88-3.82
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(m, 2H, C(30)H,), 3.78-3.66 (m, 8H, C(31)H,, C(32)H,, C(33)H,, C(34)H,), 2.03
(s, 2H, O-H (C(27)OH + C(36)OH)), 1.45-1.40 (m, 3H, C(11)CHs;). 3C NMR
(101 MHz, CDCl3) 8/ppm: 182.25, 167.02, 166.99, 147.74, 147.41, 137.20, 137.16,
131.57, 130.08, 129.89, 124.07, 123.99, 123.56, 123.54, 117.07, 114.25, 113.30, 72.49,
70.79, 70.37, 70.15, 69.28, 61.99, 60.56, 14.20. IR (film CDCl;/cm™) 2926, 1648,
1556, 1278, 1050. LR LC-MS (m/z): MS (ESI+) found 515.09 [M+]. HR-LC MS

(ESI, m/z): MS (ESI+) found 515.1001 [M+].

8.0.22 ethyl-5-(3-hydroxy-4-(2-(2-(2-(((perfluorophenoxy)
carbonyl)oxy)ethoxy)ethoxy)ethoxy)benzylidene)-
4-0x0-2-(phenylamino)-4,5-dihydrothiophene-3-

carboxylate
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To a solution of thiophenaniline (20.0 mg, 0.38 mmol, 1 eq.) in dry DMF (0.5

mL) was added Bis(pentafluoro- phenyl)carbonate (35.2 mg, 0.76 mmol, 2 eq.)
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and triethyl amine, NEt3 (39.0 nl, 0.278 mmol) and left stirring for 4h at room
temperature. The solvent was evaporated and residue so obtained was purified
by silica gel column chromatography (Hexane:AcOEt=1:2-0:1) to yield compound
(19.9 mg, 0.28 mmol, 70%). Bright yellow oil. '"H NMR (600 MHz, CDCl3) 8/ppm:
11.52 (s, 1H, N(12)H), 7.87-7.77 (m, 5H, C(14-18)H, anilide ring), 7.73 (s, 1H,
C(5)H), 7.57-7.37 (m, 2H, salicyl Ar-H), 7.08 (dd, J = 8.7, 5.2 Hz, 1H, salicyl
Ar-H), 4.48-4.37 (m, 3H, C(10)H, + C(4)H), 4.35-4.22 (m, 2H, C(28)H,), 3.90
(dt, J = 14.3, 4.9 Hz, 2H, C(30)H,), 3.83-3.66 (m, 6H, C(31)Hy-C(35)Hs), 1.45 (t,
7 Hz, 3H, C(11)CHy). *C NMR (101 MHz, CDCly) &/ppm: 181.86, 175.98, 166.92,
152.27, 151.33, 149.88, 143.18 — 136.05, 132.45 — 128.78, 128.64 — 126.50, 124.5 —
123.27,119.54, 118.90, 114.15, 97.87, 71.01, 70.77, 69.96 — 68.42, 68.80, 68.53, 60.70,
14.11. Pentafluorophenyl-carbons were not observed due to *CY¥F coupling. '°F
NMR (471 MHz, CDCl3) 3/ppm: -152.28 — -153.61 (m, 2F), -156.01 — -157.87 (m,
1F), -160.83 — -162.36 (m, 2F). IR (film CDCl3/cm™) 2361, 1788, 1526, 1233, 1037,

724. HR-LC MS (ESI, m/z): MS (ESI+) found 748.1201 [M+Na-].

8.0.23 Nucleic acid sequences

All amine PS-modified oligonucleotides were purchased from IDT, HPLC-purified
in lyophilised form and dissolved in 10 mM potassium phosphate buffer, pH 8. All
unmodified oligonucleotides, such as qPCR primers, were purchased from IDT as

desalted and lyophilised products — resuspended in 10 mM Tris pH 8.
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Table 8.8: Sequence of amine-modified antisense oligonucleotides (ASOs) used for
the synthesis of RNase L-ASO conjugates. * denotes phosphorothioate linkages.

Index | Name Sequence (5'-3')

1 siRNA ASO | T*G*G*A*G*T*A*G*G*THT*CHT*G*CHTHT*T*T*C*T*T*

8.0.24 RNase L-ligand ASO conjugate synthesis, purifica-

tion and characterisation

RNase L-ligand PFP-ester functionalisation

To a 0.5 mL Eppendorf DNA LoBind tube was added 1 pL of the PS-modified
amine-DNA (100 pM stock concentration), 1 pL. of NaHCO3 pH 8.5 (1 M), 2 pL
of HyO, 5 pLL of a 50 mM solution of RNase L-ligand PFP-ester in dry DMF.
The reaction was vortexed, spun down in a tabletop centrifuge and placed in a

Thermomixer (Eppendorf) overnight, shaking at 800 rpm at 37 °C.

The excess hydrolysed small molecule was removed using Amicon 3K 0.5 mL spin
columns, according to the manufacturer’s instructions. Briefly, the reaction was
made up to a volume of 500 pL. with HyO and spun at 14,700g for 10 minutes. The
eluent was removed and the above process was repeated for a total of three times.
The column was then inverted, inserted into a fresh collection tube and spun at

14,700g for 1 minute.
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HPLC purification method for RNase L ligand PFP-ester modification

The eluent obtained was then purified by HPLC on an Agilent Polaris C18 column
(150 x 4.6 mm), column heated to 50 °C using a gradient of 3-30% CH3CN (indicated
in Appendix Figures) over 20 minutes, flow rate of 1.5 mL/minute, with 10 mM

triethylammonium bicarbonate (TEAB) pH 8.5 as an ion-pairing buffer throughout.

Oligonucleotide MS characterisation

Oligonucleotide Mass Spectra were recorded on a Waters Xevo G2 QTOF ESI-
UPLC-MS system. A gradient of MeOH in Et3N and hexafluoroisopropanol (HFIP)
was used (buffer A, 8.6 mM Et3N, 200 mM HFIP in 5% MeOH/H,O (v/v); buffer
B, 20% buffer A in MeOH). Data was then deconvoluted using MassLynx software

v4.1 and recorded in Table [8.9]

Table 8.9: Expected and observed mass of the RNase L ligand-siRNA ASO conju-
gate, as determined by mass spectrometry following deconvolution.

S.No. | Name Expected Mass | Mass after Deconvolution

1 RNase L ligand-siRNA ASO 7465.0 7465.5

8.0.25 PCR and Molecular cloning

Homologous recombination was used to create the MLL, AF4 and SEM MLL-AF4
plasmids with the truncated sequences — to serve as templates for in vitro tran-

scription. The DHFR control plasmid obtained as a positive control for NEB PUR-
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Express IVTT kit was used as the PCR template for the backbone of all plasmids.
Inserts for the MLL and AF4 plasmid were PCR amplified from the hMLL-AF4
plasmid previously prepared by the Milne group. SEM insert was ordered as a 1498

kb gene from GeneArt Thermofischer services (full sequences in table z).

Separate PCR reactions were carried out to amplify the backbone and insert. The
reactions were performed in 0.2 mL PCR tubes and contained the plasmid tem-
plate (1 ng, 1 pL of 1 ng/pL), the forward and reverse primers (1.25 ul, 10 uM,
sequences in Table , Phusion High-Fidelity PCR Master Mix with GC Buffer
(12.5 pL, 2X), 0.5 ul, 0.75 ul, DMSO and made up to 25 pL. with MilliQ) water.
The same PCR protocol was followed for preparing linear templates for IVT. PCR
reactions were carried out on a Peqlab peqSTAR 96X Universal thermal cycler us-
ing the following conditions: initial denaturation at 98 °C for 30 seconds; 35 cycles
[denaturation at 98 °C for 10 seconds, annealing at different temperature (listed in
Table for 30 seconds, and extension at 72 °C for either 1.5 minutes. A final
extension at 72 °C for 10 minutes was performed. The reactions were purified with
a Genejet PCR column according to the manufacturer’s protocol. Reactions were

analysed with gel electrophoresis to confirm product bands.
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Table 8.10: Primer sequences used for homologous recombination (HR)-based
cloning of the MLL-AF4 plasmid. FWD and REV denote forward and reverse
primers respectively.

Index | Primer Name | Sequence (5-3’)

1 MLL HR FWD | CCGCGAAATTAATACGACTCACTATAGGGAAATAAAA
GGCCAAAGCTCAGCTC

2 MLL HR REV | GTTATTGCTCAGCGGTGGCAGCAGCCAACCTTAAAG
GCTGCTGATCATCCTG

3 AF4 HR FWD | CCGCGAAATTAATACGACTCACTATAGGGAAATAAA
CTGCTTCGAATTAGAGAGAAGGAAAG

4 AF4 HR REV TATTGCTCAGCGGTGGCAGCAGCCAACCTCTGCTGG
CTTGGGTTCGTTGCTTGCTGC

b} SEM HR FWD | CCGCGAAATTAATACGACTCACTATAGGGAAATAGCT
GCCAGGTGCCTGAGG

6 SEM HR REV | GCTCAGCGGTGGCAGCAGCCAACACTCACTGTGCCT
GCTGCCTTCACTC

7 Backbone FWD | AGTTGGCTGCTGCCACCCGTGAGC

8 Backbone REV | CTATAGTGAGTCGTATTAATTTTCGC

Table 8.11: Annealing temperatures used for amplification of homologous recombi-
nation (HR) fragments during MLL-AF4 plasmid construction.

PCR product | Annealing temperature for PCR (°C)

MLL HR 60
AF4 HR 62
SEM HR 65

Backbone HR 47
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A 4:1 insert : backbone ratio was used for homologous recombination and calculated
according to NEBioCalculator. The backbone (100 ng) and insert were mixed in a
1.5 mL Eppendorf tube. XL-10 Gold competent E. coli cells (25 pL) were added to
the reaction. The tube was kept on ice for 30 minutes and heat-shocked at 42°C
for 30 seconds. SOC Outgrowth Medium (500 pL) was added and the tube was
incubated at 37 °C with shaking at 225 rpm for 30 minutes. The tube was kept
on ice for 2 minutes and 200 pL of the transformed bacteria were plated on LB
agar plates containing ampicillin (100 pg/mL) at 37 °C for 14-16 hours. Colonies
were then picked and grown in 50-mL Falcon tubes containing 5 mL LB media
with ampicillin (100 pg/mL) at 37 °C and shaking at 225 rpm for 14-16 hours.
300 pL of the overnight cultures were combined with glycerol (300 pL, 50% v/v,
filtered). The glycerol stocks were kept at -80 °C. The rest of the cultures were
miniprepped using Qiagen’s miniprep kit according to the manufacturer’s protocol
and eluted in their Elution Buffer (50 pL) and stored at -20 °C. Whole-plasmid
nanopore sequencing was performed by Plasmidsaurus to confirm identity. The

plasmids were resuspended in 10 mM Tris, pH 8.0 and stored at -20 °C.

8.0.26 In vitro transcription

In vitro transcription was performed with 10 ng/pL of linear template DNA (linear
DNA prepared for homologous recombination to prepare plasmids, as mentioned
above) using the HiScribe RNA Synthesis kit (NEB) in a total reaction volume of

10 uL.. Samples were incubated at 37 °C for 4 hours prior to addition of DNAse I (1
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nl) and further incubation for 30 minutes. The mRNA was then purified using the

GeneJet RNA Cleanup following the manufacturer’s protocol and eluted in H5O.

8.0.27 RNase H assay

1 pmol of mRNA (prepared as above with in vitro transcription), 0.6 U/ul. RNase
H (recombinant E. Coli, Takara), and a concentration of 0.25 pmol of the ASO
(sequences in Table in a buffer system containing 30 mM HEPES pH 7, 100
mM KCI, 20 mM MgCl2 and 2 mM DTT in a total of 10 pL. were incubated for 1
hour at 37 °C. RNA loading dye (NEB, B0363S) was then added, samples heated

to 70 °C for 10 minutes and then analysed by agarose gel electrophoresis.

Table 8.12: Antisense oligonucleotide sequences designed for screening against the
SEM breakpoint. * denotes phosphorothioate linkages.

Index | Name Sequence (5'-3')

1 ASO 20mer | T*A*G*G*T*CHT*G*CH*THTHT*THCHT*THT*T*
G*G*

2 ASO 18mer | A*G*G*T*CH*T*G*C*T*THT*T*CHT*T*T*T*G*

3 ASO 16mer | G*G*T*CH¥T*G*CHTHT*THT*C*THTHT*T*

8.0.28 Cell culture

Cell culture and cell lines SEM (an MLL-AF4 B-ALL cell line) cells were cultured in

IMDM with 10% FCS (Gibco) and Glutamax (ThermoFisher Scientific). HEK293T
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cells were cultures in DMEM with 10% FCS and Glutamax. All cells were grown

in 5% CO2 incubator at 37 °C.

8.0.29 Electroporation

SEM cells were resuspended at a density of 108 per mL and siRNA /ASO (sequences
in Table was added to a concentration of 250 nM. Cells were subjected to a 10
ms 330V electroporation using a rectangle pulse EPI 2500 electroporator (Fischer,
Heidelberg), after which they were diluted to 10° per mL. Cells were harvested after

48 hours for an RT-qPCR readout.

Table 8.13: Sequences of siRNA and antisense oligonucleotides used for electro-
poration in SEM cells. * denotes phosphorothioate linkages. _  indicates 2'-O-
Methoxy-ethyl modifications. + denotes 2’-4" methylene bridges.

Index | Name Sequence (5-3')

1 siIMARS siRNA | sense: AAGAAAAGCAGACCUACUCCA

antisense: UGGAGUAGGUCUGCUUUUCUUUU

2 siRNA ASO TH*GH*G*A*G*¥T*A*GHXG*¥T*CHTHT*G*CHTHT*T*C* T*T*

3 ASO 16mer G*GXT*CHT*G*CHTH T T*T*CHTHT*T*T*

4 LNA gapmer +GH*GHHTHCHTHG*CHTHTHT*THCHT*4-T* +T*4T*

5 ASO 18mer AXGHGHFT*CHT*G*CHTHTHTHT*CHTHTHTHT*G*

6 ASO 20mer TH*AXGX¥GH¥T*CHT*GX¥CHTHTHTHTHCHTHT*T*T* G*G*

7 MOE gapmer T*A*G*GH¥T*CHT*GHXCHCHTHTHTHTHT*CH T+ THT*T*G*G*
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8.0.30

RNA extraction, cDNA synthesis, and RT-qPCR were performed as previously
described (see Section [8.0.12] [8.0.12)). For this section, a different set of qPCR

primers was used for quantifying knockdown of target genes, MLL-AF/, MLL, and

RT-qPCR

RNase L ligand-antisense oligonucleotide conjugates

AFJ. The primer sequences are listed in Table [8.14]

Table 8.14: Primer sequences used for quantitative PCR analysis. FWD and REV

refer to forward and reverse primer sequences respectively.

S. No. | Name Sequence (5-3')
1 GAPDH FWD | TTGGCTACAGCAACAGGGTG
2 GAPDH REV GGGGAGATTCAGTGTGGTGG
3 MLL FWD ACAGAAAAAAGTGGCTCCCCG
4 MLL REV GCAAACCACCCTGGGTGTTA
5 AF4 FWD CAGAAGCCCACGGCTTATGT
6 AF4 REV TATTGCTGTCAAAGGAGGCGG

MLL-AF4 FWD

ACAGAAAAAAGTGGCTCCCCG

MLL-AF4 REV

TATTGCTGTCAAAGGAGGCGG
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Chapter 4: Designing small-molecule ASO conju-
gates to harness the lysosome for targeted mRNA

degradation

8.0.31 Antisense oligonucleotide sequences

All unmodified oligonucleotides were purchased from IDT as desalted and lyophilised
products — resuspended in 10 mM Tris pH 8. Amine-containing oligonucleotides
were purchased from IDT, HPLC-purified in lyophilised form and dissolved in 10
mM potassium phosphate buffer, pH 8.

Table 8.15: Antisense oligonucleotide sequences used for all transfection and gym-
nosis experiments, with 5-terminal amine modification functionalisation chemistry.

* denotes phosphorothioate linkages; _ indicates 2’-O-Methoxy-ethyl sugars; m
denotes 2'-O-Methyl sugars.

No. | Name Sequence (5'-3)

1 NCL1 2-OMe ASO | mG*mU**mC*mA* mU*mC*mG*mU*mC*mA*mU*mC

mC*mU*mC*mA*mU*mC*mA*mU

2 | NCL1 gapmer GH¥T*C*AXT*CH*G*THCHA*TH*CHCHT*CHA*T*C*A*T

3 MEN1 2-OMe ASO | mA*mG*mC*mA* mG*mC*mC*mA*mG*mC*mA*mG
mA*mU*mG

4 | MEN1 gapmer A*G*CHA*GH*CHAXGHC*A*G*C*UXU*C*U*G

5 | NTC-ASO TH*A*G*T*G*CH*G*G*A*¥CH*CHTH*A*C*C*C*A*C*G*A
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8.0.32 Ispinesib-ASO conjugates synthesis, purification and

characterisation

Dibenzylcyclooctyne (DBCO)-NHS ester functionalisation

To a 0.5 mL Eppendorf DNA LoBind tube was added 1 pnL of the amine-modified
ASO (100 uM stock concentration), 1 pL of NaHCO3 pH 8.5 (1 M), 2 pL of H,O, 5
nL of a 50 mM solution of DBCO NHS in dry DMF'. The reaction was vortexed, spun
down in a tabletop centrifuge and placed in a Thermomixer (Eppendorf) overnight,

shaking at 800 rpm at 37 °C.

The excess hydrolysed small molecule was removed using Amicon 3K 0.5 mL spin
columns, as per the manufacturer’s instructions. Briefly, the reaction was made up
to a volume of 500 pL. with HoO and spun at 14,700g for 10 minutes. The eluent
was removed, and the above process was repeated for a total of three times. The
column was then inverted, inserted into a fresh collection tube and spun at 14,700g

for 1 minute.

HPLC purification method for DBCO modification

The eluent obtained was then purified by HPLC on an Agilent Polaris C18 column
(150 x 4.6 mm), column heated to 50 °C using a gradient of 3-30% CH3CN (indicated
in Appendix Figures) over 20 minutes, flow rate of 1.5 mL/minute, with 10 mM

triethylammonium bicarbonate (TEAB) pH 8.5 as an ion-pairing buffer throughout.
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Ispinesib-functionalisation with strain-promoted azide-alkyne click chem-

istry

To a 0.5 mL Eppendorf DNA LoBind tube was added, listed in order of addition,
1 pL of the DBCO-modified DNA (1 mM stock concentration), 1.5 pL. of 1 mM
ispinesib-azide (commercially obtained from MedChemExpress), 1.5 pL of 1X PBS
pH 7.4 and finally, 6 pL. of DMF. The reaction was vortexed, spun down in a
tabletop centrifuge and placed in a Thermomixer (Eppendorf) overnight, shaking

at 800 rpm at room temperature.

The crude reaction mixture was then made up to 500 pL. with H,O and first run
through a Amicon 3K 0.5 mL column/tube as described above to remove the unre-

acted small molecule.

HPLC purification for ispinesib modification

The final eluent collected after inversion was then purified by HPLC on an Agilent
Polaris C18 column (150 x 4.6 mm), column heated to 50 °C using a gradient of
3-50% CH3CN (indicated in Appendix Figures) over 20 minutes, flow rate of 1.5
mL/minute, with 10 mM triethylammonium bicarbonate (TEAB) pH 8.5 as an

ion-pairing buffer throughout.
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Oligonucleotide MS characterisation

Oligonucleotide Mass Spectra were recorded on a Waters Xevo G2 QTOF ESI-
UPLC-MS system. A gradient of MeOH in Et3N and hexafluoroisopropanol (HFIP)
was used (buffer A, 8.6 mM Et3N, 200 mM HFIP in 5% MeOH/H50 (v/v); buffer
B, 20% buffer A in MeOH). Data was then deconvoluted using MassLynx software

v4.1 and recorded in Table [R.16]

Table 8.16: Expected and observed mass of DBCO- and/or ispinesib-functionalised
ASO conjugates, as determined by mass spectrometry following deconvolution.

No. | Name Expected Mass | Mass after Deconvolution
1 | DBCO-NCL1 2’-OMe ASO 7442.0 7442.7
2 | NCL1 2’-OMe LyTON 8131.0 8131.5
3 Ispinesib-NTC-ASO 7240.0 7239.0
4 | DBCO-NCL1 gapmer 7542.0 7541.7
5 NCL1 gapmer LyTON 8231.0 8231.7
6 | DBCO-MEN1 2’-OMe ASO 7308.0 7308.6
7 | MEN1 2-OMe LyTON 7997.0 7994.6

8.0.33 Cell culture

HEK?293T, A549, and HeLa cells were cultured in Dulbecco’s Modified Eagle Medium
with 1X GlutaMAX (Gibco) supplemented with 10% (v/v) FBS (Gibco) and) at

37 °C in a humidified incubator with 5% CO2.
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8.0.34 Nucleic acid delivery: Lipid-based transfection and

gymnosis

Transfection

For transfection with lipofectamine 2000, HEK293T / A549 / HeLa cells were
seeded at 2.5 x 10° / 2.2 x 10° / 2.0 x 10° cells in 1 mL of culture media in
24-well plates 16 hours before transfection to reach 70-80% cell confluency. Prior

to transfection, the culture media was replaced with 1 mL OptiMEM.

2 nL of Lipofectamine 2000 (Invitrogen) was added to 48 pL. OptiMEM (Gibco)
and incubated at room temperature for 5 minutes before mixing with 0.5 nmol of
oligonucleotide dissolved in 50 pL of OptiMEM. The resulting mixture was incu-
bated at room temperature for 20 minutes allowing complexation to occur. The
complexes were then added to the cells at the required concentrations (with total
volume of 1 mL per well). The cells were then incubated at 37 °C in a 5% CO2
incubator. After 6 hours the media was replaced with 1 mL of culture media and

the cells were returned to the incubator for another 18 hours.

Gymnosis

For gymnosis, HEK293T / A549 / HelLa cells were seeded at a density of 5.0 x
10* / 4.7 x 10* / 4.5 x 10 cells/well in 1 mL of culture media in 24-well plates for

16 hours before gymnosis to reach 70-80% cell confluency. Prior to gymnosis, the
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culture media was replaced with OptiMEM and the ASO was added at the desired
concentration. After 6 hours, OptiMEM was replaced with 1 mL of complete culture

media and the cells were returned to the incubator for a further 90 hours (total time

of 96 hours).

8.0.35 CellTiter-Glo

Transfection experiments were carried out as outlined above. Cells were subjected
to the CellTiter-Glo assay at the indicated time points following the manufacturer’s
guidelines. Briefly, 100 nL. CellTiter-Glo Reagent was added to 100 nL of media
containing cells in a white (Thermofischer Nunc MicroWell polystyrene, 236105) 96-
well plate. Subsequently, the contents of the wells were mixed on an orbital shaker
for 2 minutes to induce cell lysis. The plate was then incubated at room temperature
for 10 minutes to stabilize the luminescent signal. The luminescence was measured
using a CLARIOstar microplate reader (BMG Labtech). The luminescence values

were normalised to the values for untreated cells.

8.0.36 Lysosome inhibition assays

Bafilomycin inhibition

Cell were plated at the above mentioned densities and transfection/gymnosis was
carried out as above. Bafilomycin was added at 10 nM at the start of the transfec-

tion. When the OptiMEM was replaced with complete media, the 10 nM Bafilomycin
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treatment was repeated. Cells were then harvested at 24 hours, and subjected to

RNA extraction/western blotting for RNA /protein read-out.

Chloroquine inhibition

Cells were seeded at the above mentioned densities and transfection/gymnosis was
performed as above. When the OptiMEM was replaced with complete media at 6
hours, cells were treated with 30 pM Chloroquine. Cells were then harvested at 24
hours (with 18 hours of chloroquine treatment), and subjected to RNA extraction

for RNA read-out.

8.0.37 RT-qPCR,

RNA extraction, cDNA synthesis, and RT-qPCR were performed as previously

described (see Section [8.0.12] [8.0.12). For this section, a different set of gPCR

primers was used for quantifying knockdown of target genes relevant to establishing

the efficacy and selectivity of lysosomal trafficking ASOs. The primer sequences are

listed in Table [8.14]
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Ispinesib-modified antisense oligonucleotides

Table 8.17: Primer sequences used for quantitative PCR analysis. FWD and REV
refer to forward and reverse primer sequences respectively.

S. No. | Name Sequence (5'-3')
1 GAPDH FWD | TTGGCTACAGCAACAGGGTG
2 GAPDH REV | GGGGAGATTCAGTGTGGTGG
3 NCL1 FWD GCCTGTCAAAGAAGGCACCTGG
4 NCL1 REV GAAAGCCGTAGTCGGTTCTGTG
5 MEN1 FWD ATCGGGCCCATCCAGTCCC
6 MEN1 REV GCCCCAACCACAGCAAAGGC
7 YWHAZ FWD | ACTTTTGGTACATTGTGGCTTCAA
8 YWHAZ REV | CCGCCAGGACAAACCAGTAT
9 UBC FWD ATTTGGGTCGCAGTTCTTG
10 UBC REV TGCCTTGACATTCTCGATGGT

8.0.38 Western blotting

Salt-soluble proteins were extracted from 1x10° cells by incubating cells in a high-

salt lysis buffer (20 mM Tris-HCI pH 8.0, 300 mM KCI, 5 mM EDTA, 20% glycerol,

0.5% IGEPAL CA-630, protease inhibitor cocktail). Protein extracts were then run

on a NuPAGE 4-12% BisTris gels (Life Technologies) for Menin and NuPAGE 12%

BisTris gels for LC3 at 180V for 1 hour and blotted onto a polyvinylidene fluoride

membrane (Immobilon) at 100V for 1 hour using a Tris-glycine blotting buffer®®.

The blots were then probed with 1:10,000 dilution of primary antibody for Menin
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(Bethyl #A300-105A) and GAPDH (Bethyl, A300-641A) while LC3-I and LC3-11
were probed with 1:10,000 dilution of primary antibody for LC3 (Sigma Aldrich,
L8918) in 5% milk/TBS-tween at 4°C overnight. Menin / LC3 / GAPDH blots
were then probed with secondary antibody (ab216773, IRDye 800CW) for 2 hours

at room temperature, followed by imaging on the ChemiDoc MP system.

Chapter 6: Tunable control over PROTAC Activ-
ity via DNA Hybridization and Strand Displace-

ment

8.0.39 General synthesis

As outlined in Section [8.0.1, all synthetic procedures were conducted using com-
mercially sourced reagents without further purification, and solvents were employed
as supplied or dried under nitrogen when necessary. Standard purification and an-
alytical techniques, including column chromatography, TLC, NMR, MS, LC-MS,
HPLC, and IR spectroscopy, were used as described previously. (+)-JQ1 alkyne for

oligonucleotide modification was synthesised as outlined previously in Section|8.0.2,

B.0.3.
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8.0.40 Oligonucleotide sequences used

All unmodified Oligonucleotides were purchased from IDT as desalted and lyophilised
products — resuspended in 10 mM Tris pH 8. Amine-containing PS-oligonucleotides
were purchased from IDT, HPLC-purified in lyophilised form and dissolved in 10

mM potassium phosphate buffer, pH 8.

Table 8.18: Sequences for OligopPROTAC ssDNA strands used in all transfection ex-
periments. Toehold sequences are highlighted in violet, anti-toehold and scrambled
anti-toehold complements in . * denotes phosphorothioate linkages; \ Azide\
indicates an azide modification; \ Alkyne\ indicates an alkyne modification.

S.No. | Name Sequence (5'— 3)

1 (+)-JQ1 ssDNA OligoPROTAC, | T*C*G*T*G*G*G*T*A*G*G*T*C*C*G*C*A*C*T
[n=0] *A\Azide\

2 VHO032 ssDNA OligoPROTAC, \Alkyne\ T*A*G*T*G*C*G*G*A*C*C*T*A*C*C*
[n=0] C*A*C*G*A

3 (4+)-JQ1 ssDNA OligopPROTAC, | T*C*G*T*G*G*G*T*A*G*G*T*C*C*G*C*A*C*T
[n=1] *A*T\ Azide\

4 VH032 ssDNA OligopPROTAC, | \Alkyne\T*T*A*G*T*G*C*G*G*A*C*
[n=1] CHT*A*CH*C*C*A*C*G*A

5 (+)-JQ1 ssDNA OligoPROTAC, | T*C*G*T*G*G*G*T*A*G*G*T*C*C*G*C*A*C*T
[n=2] *AXT*T\ Azide\

6 | VHO32 ssDNA OligoPROTAC, | \Alkyne\T*T*T*A*G¥T*G*C*G*G*A*C*CHFT*A*
[n=2] CHOFCHAXCFGHA

7 | (+)-JQ1 ssDNA OligoPROTAC, | T*C*GHT*GFG*GFT* A*GHGHFT*CHCHGHCHA*CHT
[n=3] *A*T*THT\ Azide\

8 | VHO32 ssDNA OligopPROTAC, | \Alkyne\ T*T*T*T*A*GHT*G*C*G*G*A*CHCHT*
[n=3] AXCHCHFOFAXCHG*A
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S.No. | Name Sequence (5 — 3')

9 (+)-JQ1 ssDNA OligoPROTAC, | T*C*G*T*G*G*G*T*A*G*G*T*C*C*G*C*A*C*T
[n=5] * A¥THFTHFTFTT\ Azide\

10 VHO032 ssDNA OligopPROTAC, \Alkyne\ T*T*T*T*T*T* A*G*T*G*C*G*G*A*C*
[n=5] CHT*A*CH*CH*C*A*C*G*A

11 | (+)-JQ1 ssDNA OligoPROTAC, | T*C*G*T*G*G*G*T*A*G*G*T*C*C*G*C*A*C*T
ln=10] * ART*T*TRTRDRTRTFTFTHT \ Azide\

12 | VH032 ssDNA OligoPROTAC, \Alkyne\ T*THTHT*T*THTHTHT*T*T*A*GH*T*G*C
[n=10] *GHFGFAXCHCHTFAXCH*CHCHFA*CH*G*A

13 | (8-base pair) Toehold-(+)-JQ1 THCFAFA*CHAFTHCHFT*CH*GHFT*G*G*GHF* T*A*G*G
ssDNA, [n=3] *THCRC FGHCFARCFT*A¥THT*T\ Azide\

14 | (8-base pair) Anti-toehold C*G*G*A*C*CH*T*A*C*C*C
complement *AXCHFGHFAXGFAXTHGHFTHT*G*A*

15 | (8-base pair) Scrambled CHTHT*CHT*A*A*CHA*A*T
anti-toehold complement KTHRCHCHTHTHTHTHC*C*

16 | (7-base pair) Toehold ssDNA, THCHA*A*CHA¥TH*T*C*G*T*G*G*G*T*A*G*G*T
[n=3] FCHCHGHCHAXCHTHAXTHT*T

17 | (9-base pair) Toehold ssDNA, THCHAXA*CHAFTHCHAX¥T*C*GX*T*G*G*G*T*A*G
n=3] *GHTHCHCHGHFCHAXCHTHAXTHTHT

18 | (10-base pair) Toehold ssDNA, | T*C*A*A*CHA*THCHA*GH*T*C*G*T*G*G*G*T*A
n=3] *GHRQRTHCRCRQFCHA*CHT* AFTHTHFT

19 | (7-base pair) Anti-toehold G*C*G*G*A*C*C*T*A*C*C*C
complement *FAXCHGHAFAXTHGHXTHTHG*A*

20 | (9-base pair) Anti-toehold G*G*¥A*C*C*T*A*C*C*C
complement FARCHGHAXTHGHAXT*G*T*T*G*A

21 | (10-base pair) Anti-tochold GH*A*C*CH*T*A*C*C*C

complement

FAXCHGHAXCHTHGHAXT*G*T*T*G*A
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8.0.41 (4)-JQ1- and VHO032-oligonucleotide conjugates syn-

thesis, purification and characterisation

(4)-JQ1-functionalisation with copper click chemistry

To a 0.5 mL Eppendorf DNA LoBind tube was added, listed in order of addition,
1 pL of the PS-modified DNA (1 mM stock concentration), 1.5 pL of 1 mM (+)-
JQl-alkyne (stock in DMF), 1 uLi of 200 mM DIPEA, 5.5 pL of H,O, 1 pL of 200
mM sodium ascorbate and finally, 1 puL of 200 mM CuBrMe,S (stock in DMSO).
The reaction was vortexed, spun down in a tabletop centrifuge and placed in a
Thermomixer (Eppendorf) overnight, shaking at 800 rpm at room temperature. An
alternate protocol, listed in order of addition, used 1 pL of the PS-modified DNA (1
mM stock concentration), 1.5 pLi of 1 mM (+)-JQ1-alkyne (stock in DMF), 0.4 pL of
100 mM sodium ascorbate, 1.6 pL of HyO, and finally, 0.5 pL of 100 mM copper (I)
sulphate pre-complexed with 100 mM Tris(3-hydroxypropyltriazolylmethyl)amine
(1:1, final concentration of both at 50 mM), shaking at 800 rpm overnight at room

temperature.

The reaction was quenched with 250 pL of 0.5 M EDTA pH 8, made up to 500
pL with HoO and first run through a Amicon 3K 0.5 mL column/tube as de-
scribed above to chelate excess copper and remove it along with the unreacted

small molecule. The final eluent collected after inversion.
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HPLC purification method for (4)-JQ1 modification

The final eluent collected was then purified by HPLC on an Agilent Polaris C18
column (150 x 4.6 mm), column heated to 50°C using a gradient of 3-30% CH3CN
(indicated in Appendix Figures) over 20 minutes, flow rate of 1.5 mL/min, with
10 mM triethylammonium bicarbonate (TEAB) pH 8.5 as an ion-pairing buffer

throughout.

VHO032-functionalisation with copper click chemistry

To a 0.5 mL Eppendorf DNA LoBind tube was added, listed in order of addition, 1
nL of the DNA (1 mM stock concentration), 1.5 pLL of 1 mM VHO032 azide (stock in
DMF), 1 uL of 200 mM DIPEA, 4.5 uL. of HyO, 1 pL of 200 mM sodium ascorbate
and finally, 1 pL of 200 mM CuBrMesS (stock in DMSO). The reaction was vortexed,
spun down in a tabletop centrifuge and placed in a Thermomixer (Eppendorf)
overnight, shaking at 800 rpm at room temperature. An alternate protocol, listed
in order of addition, used 1 pL of the PS-modified DNA (1 mM stock concentration),
1.5 pLh of 1 mM VHO032 azide (stock in DMF), 0.4 pL of 100 mM sodium ascorbate,
1.6 pL of H20, and finally, 0.5 pL of 100 mM copper (I) sulphate pre-complexed
with 100 mM Tris(3-hydroxypropyltriazolylmethyl)amine (1:1, final concentration

of both at 50 mM), shaking at 800 rpm overnight at room temperature.

The reaction was quenched with 250 pnL. of 0.5 M EDTA pH 8, made up to 500

pl with HoO and first run through a Amicon 3K 0.5 mL column/tube as de-
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scribed above to chelate excess copper and remove it along with the unreacted

small molecule.

HPLC purification method for VH032 modification

The final eluent collected after inversion was then purified by HPLC on an Agilent
Polaris C18 column (150 x 4.6 mm), column heated to 50°C using a gradient of
3-30% or 3-50% CH3CN (indicated in Appendix Figures) over 20 minutes, flow rate
of 1.5 mL/min, with 10 mM triethylammonium bicarbonate (TEAB) pH 8.5 as an

ion-pairing buffer throughout.

Oligonucleotide MS characterisation

Oligonucleotide Mass Spectra were recorded on a Waters Xevo G2 QTOF ESI-
UPLC-MS system. A gradient of MeOH in Et3N and hexafluoroisopropanol (HFIP)
was used (buffer A, 8.6 mM Et3N, 200 mM HFIP in 5% MeOH/H,O (v/v); buffer
B, 20% buffer A in MeOH). Data was then deconvoluted using MassLynx software

v4.1 and recorded in Table [R.19]



267

Table 8.19: Expected and observed (deconvoluted) molecular weights for the syn-
thesized OligpPROTACS incorporating (+)-JQ1 or VH032 moieties. Variants with
different linker lengths ([n]) and toehold designs are included.

S.No. | Name Expected Mass | Mass after Deconvolution
1 (+)-JQ1 ssDNA OligopPROTAC, [n=0] 7238.5 7239.5
2 VHO032 ssDNA OligoPROTAC, [n=0] 7108.7 7109.5
3 | (+)-JQ1 ssDNA OligoPROTAC, [n=1] 7563.0 7561.0
4 VH032 ssDNA OligoPROTAC, [n=1] 7429.7 7429.0
5 (+)-JQ1 ssDNA OligoPROTAC, [n=2] 7888.5 7882.5
6 VHO032 ssDNA OligoPROTAC, [n=2] 7751.2 7751.0
7 | (+)-JQ1 ssDNA OligoPROTAC, [n=3] 8206.5 8201.5
8 VHO032 ssDNA OligoPROTAC, [n=3] 8070.2 8068.0
9 | (+)-JQ1 ssDNA OligoPROTAC, [n=5] 8841.0 8842.5
10 VHO032 ssDNA OligoPROTAC, [n=5] 8710.0 8710.5
11 | (+)-JQ1 ssDNA OligopPROTAC, [n=10] 10442.0 10445.0
12 VHO032 ssDNA OligopPROTAC, [n=10] 10311.2 10312.5
13 | Antisymmetric OligoPROTAC (+)-JQ1, [n=3] 8171.0 8170.5
14 | Toehold-(+)-JQ1 ssDNA, [n=3] 10747.0 10745.5
8.0.42 Assembly of OligoPROTAC

3-(+)-JQ1 ssDNA OligoPROTAC strand and complementary 5-VH032 ssDNA

OligoPROTAC strand were combined in an equimolar ratio at 50uM in buffer: 30

mM HEPES pH 7.5, 100 mM CH3COOK. The solution was then heated to 95°C in
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a thermocycler and slowly cooled down to 25°C over 40 minutes. Duplex formation

was verified by running a native PAGE gel.

8.0.43 Cell culture

HEK293T cells were both cultured in Dulbecco’s Modified Eagle Medium with 1X
GlutaMAX (Gibco) supplemented with 10% (v/v) FBS (Gibco) and) at 37 °C in a

humidified incubator with 5% CO2.

8.0.44 Nucleic acid delivery via lipid-based transfection

For transfection with lipofectamine 2000, 2.5 x 10° HEK239T cells were plated
in 1 mL of culture media in 24-well plates 16 hours before transfection to reach

70-80% cell confluency. Prior to transfection, the culture media was replaced with

OptiMEM, 100 pL for the 96-well plates and 1 mL for the 24-well plates.

2 nL of Lipofectamine 2000 (Invitrogen) was added to 48 pl. OptiMEM (Gibco)
and incubated at room temperature for 5 minutes before mixing with 0.5 nmol of
Oligonucleotide dissolved in 50 pL. of OptiMEM. The resulting mixture was incu-
bated at room temperature for 20 minutes allowing complexation to occur. The
complexes were then added to the cells at the required concentrations (with total
volume of 1 mL per well). The cells were then incubated at 37 °C in a 5% CO2
incubator. After 6 hours the media was replaced with 1 mL of culture media and

the cells were returned to the incubator for another 18 hours.



269

8.0.45 CellTiter-Glo

Transfection experiments were carried out as outlined above. Cells were subjected to
the CellTiter-Glo assay at the indicated time points following the manufacturer’s
guidelines. Briefly, 100 pL. CellTiter-Glo Reagent was added to 100 pnl of media
containing cells in a white (Thermofischer Nunc MicroWell polystyrene, 236105) 96-
well plate. Subsequently, the contents of the wells were mixed on an orbital shaker
for 2 minutes to induce cell lysis. The plate was then incubated at room temperature
for 10 minutes to stabilize the luminescent signal. The luminescence was measured
using a CLARIOstar microplate reader (BMG Labtech). The luminescence values

were normalised to the values for untreated cells.

8.0.46 RT-qPCR

RNA extraction, cDNA synthesis, and RT-qPCR were performed as previously

described (see Section [8.0.12) [8.0.12)). For this section, a different set of gPCR

primers was used for quantifying knockdown of target genes relevant to establishing

the efficacy of OligopPROTACs. The primer sequences are listed in Table [8.20]
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Table 8.20: Primer sequences used for quantitative PCR analysis. FWD and REV
refer to forward and reverse primer sequences respectively.

S. No. | Name Sequence (5’ — 3')

1 GAPDH FWD | TTGGCTACAGCAACAGGGTG

2 GAPDH REV | GGGGAGATTCAGTGTGGTGG

3 MYC FWD TTCTAAGAGAAATGTCCTGAGCAATC

4 MYC REV TCAAGACTCAGCCAAGGTTGTG

8.0.47 Western blotting

Salt-soluble proteins were extracted from 1x10° cells by incubating cells in a high-
salt lysis buffer (20 mM Tris-HCI pH 8.0, 300 mM KCI1, 5 mM EDTA, 20% glycerol,
0.5% IGEPAL CA-630, protease inhibitor cocktail). Protein extracts were then run
on a NuPAGE 4-12% BisTris gels (Life Technologies) at 180V for 1 hour and blotted
onto a polyvinylidene fluoride membrane (Immobilon) at 100V for 1 hour using a
Tris-glycine blotting buffer??®, The blots were then probed with 1:10,000 dilution
of primary antibody for BRD4 (CST #13440, E2A7X) and GAPDH (Bethyl, A300-
641A) in 5% milk/TBS-tween at 4 °C overnight. BRD4 blots were then probed with
secondary antibody (ab216773, IRDye 800CW) for 2 hours or secondary antibody
(LiChor IRDye 800 CW) for 2 hours at room temperature, followed by imaging on

the ChemiDoc MP system.
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8.0.48 Molecular Modelling

Experiment performed by Prof. Shozeb Haider, UCL

The structure of the PROTAC, MZ1 in complex with the second bromodomain of
BRD4 (BRD44BD2) and Von Hippel-Lindau disease tumor suppressor:ElonginC:ElonginB
(PDB ID: 5T353) was downloaded from the protein databank. The structure was
cleaned to remove transcription elongation factor polypeptide 1 (chain C) and 2
(chain B). The PEG linker from MZ1 was removed such that MZ1 was split into
VHO032 and (+)-JQ1. The warhead groups of VH032 and (+)-JQ1 were restrained
so that the original conformation in the crystal structure was retained. The linkers
were extended from the point of cleavage that attached VH032 to the 5-end of
one DNA Oligonucleotide and (+)-JQ1 to the 3'-end to the complementary DNA
Oligonucleotide. A further 3 unpaired thymidines were added on each strand, [ n=3
|, followed by an extension of a 20 bp duplex DNA containing the sequence AG-
CACCCATCCAGGCGTGAT on the 5'- 3'strand and its complementary sequence
on the 3'- 5'strand. The final structure was minimized in situ for a 1000 steps
conjugate gradient, to relieve any steric clashes between the side chains and the
extended OligopPROTAC, [ n=3 |. All structural manipulation and construction of

the molecular model was carried out in ICM-Pro suite software.
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Appendix

A.1 NMR spectra

A.1.1 1H NMR

Chapter 2: Altering the subcellular localization of ASOs to improve their

therapeutic engagement and efficacy
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Figure A.l: (S)-2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6 H-thieno[3,2-
f][1,2,4]triazolo[4,3-a][1,4]diazepin-6-yl)acetic acid, 1H NMR (400MHz,
CDCI3)
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A.1.2 13C NMR
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13C NMR (256MHz, CDCI3)
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Figure A.12: ethyl-5-(3-hydroxy-4-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)
benzylidene)-4-oxo-2-(phenylamino)-4,5-dihydrothiophene-3-

carboxylate, 13C NMR (256MHz, CDCI13)
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A.1.3 19F NMR

Chapter 3: Exploring RNase L recruitment via an Activator-ASO con-

jugate for knockdown of the MLL-AF4 fusion oncogene
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Figure A.14: ethyl-5-(3-hydroxy-4-(2-(2-(2-(((perfluorophenoxy)carbonyl)oxy)
ethoxy)ethoxy)ethoxy)benzylidene)-4-oxo0-2-(phenylamino)-4,5-
dihydrothiophene-3-carboxylate, 19F NMR (600MHz, CDCI3)
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A.2 Oligonucleotide reaction scheme, HPLC pu-

rification and MS characterisation

(4+)-JQ1-ASO conjugates: synthesis, HPLC purification, and

MS characterisation
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Figure A.15: Reaction and characterisation for azide modification of the SSO. (a)
Reaction scheme for azide functionalisation of SSO. (b) HPLC purification for azide-
SSO functionalisation. (c¢) Mass spectrum for HPLC-purified azide-SSO. (d) LC-MS

characterisation for HPLC-purified azide-SSO.



284

i 3 jW
, o
M\)LN/\/\/\,P\O
y

%ﬁwcwo/\/\/

d)

(+)-JQ1-ASO conjugates

%000 9500

JQi-pLuC
20240728_DK_JQ1-pLUC

1: TOF MS ES-
Tc

1.10e6

1 T
-0.00 050 1.00
20240728_DK_JQ1-pLUC

1.0

AU

004
00d< 070

950 | 1000
3: Diode Array
Range: 1.631

000 | 050 100

20250725_DK_pLuc-N3

950 | 1000
1: TOF MS ES-
TC
1.86e6

-0.00
20250725_DK_plLuc-N3

AU

00 063,068

950 | 1000
3: Diode Array
Range: 1.847

LA WAL A
-0.00 050 1.00

Figure A.16: Reaction and characterisation for JQ1 modification of the azido SSO.
(a) Reaction scheme for copper click conjugation of JQ1-alkyne with azide-SSO. (b)
HPLC purification for JQ1-SSO functionalisation. (c) Mass spectrum for HPLC-

e Time
9.50 10.00

purified JQ1-SSO. (d) LC-MS characterisation for HPLC-purified JQ1-SSO.



285

50 mM azido-acetic acid NHS

a) o
m 55
WAV, VIl NS
PP & 'S PO
1ouM 100 mM NaHCO,
H8.5 . azide-
5'-terminal-amine-ASO P 5'-azide-ASO

b) ©) s

2500 1 WX WV;@/V\/ L100
3
€ 20001 e
2
&
% 1500 Loz .
g 3
S -
1000 Lo
3
< 500 [

° 5 Y y 74752
0 5 Time 10 15 20 g
ok L4 i ur A PP A s
e " A+ " 1
d)

DK_MALAT1-G-N3
20250725_DK_MALAT1-G-N3

1.48e6
BN o
5.10

0 A A L o e LA A U B LA L A e A A B L LA AL s A Bas sAs e VAL Read MABAS Labnd vl Rans sanas M ny)
000 050 100 150 200 250 300 350 ~ 400 450 500 55 600 650 700 750 800 850 ~ 900 950  10.00

20250725_DK_MALAT1.G-N3 3: Diode Aray
574 Range: 1.836

10
2
585
083 4
0

000 | 050 | 100 | 150 ' 200 | 250 | 300 | 350 | 400 450 | 500 | 550 ' 600 | 650 700 | 750 800 | 850 900 | 950 ' 10.00

1: TOF MS ES-
Tic

20250725_DK_MALAT1-G-NH2 1: TOF MS ES-
~ 561 TiC
o 3,0, \
= [N 4%
1 . (
396 4. ,49 5.08 } 584
00 PR bu SNA - - S
— ———
00 0.50 1.00 150 200 250 3.00 350 4.00 450 5.00 5.50 6.00 6.50 7.00 7.50 8.00 850 9.00 950 10.00
20250725_DK_MALAT1-G-NH2 3: Diode Array
561 Range: 6.154e-1

4.0e-1

2 208 W
PP 503 08 575 1.03 \ 585
0SB Y
2 Time.

000 050 | 100 | 180 ' 200 | 250 | 300 | 350 | 400 450 | 500 | 550 ' 600 | 650 700 | 750 800 | 650 | 900 | 950 ' 10.00

Figure A.17: Reaction and characterisation for azide modification of the MALAT1
gapmer. (a) Reaction scheme for azide functionalisation of the MALAT1 gapmer.
(b) HPLC purification for azide-MALAT1 gapmer functionalisation.(c) Mass spec-
trum for HPLC-purified azide-MALAT1 gapmer. (d) LC-MS characterisation for
HPLC-purified azide-MALAT1 gapmer.
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Figure A.18: Reaction and characterisation for JQ1 modification of the azido SSO.
(a) Reaction scheme for copper click conjugation of JQ1-alkyne with azide-MALAT1
gapmer. (b) HPLC purification for JQ1-MALAT1 gapmer functionalisation. (c)
Mass spectrum for HPLC-purified JQ1-MALAT1 gapmer. (d) LC-MS characteri-
sation for HPLC-purified JQ1-MALAT1 gapmer.
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Figure A.19: Reaction and characterisation for azide modification of G3139. (a)
Reaction scheme for azide functionalisation of the G3139. (b) HPLC purification for
azide-G3139 functionalisation.(c) Mass spectrum for HPLC-purified azide-G3139.
(d) LC-MS characterisation for HPLC-purified azide-G3139.
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Figure A.20: Reaction and characterisation for JQ1 modification of azido G3139.
(a) Reaction scheme for JQ1 functionalisation of G3139. (b) HPLC purification for
JQ1-G3139 functionalisation.(c) Mass spectrum for HPLC-purified JQ1-G3139. (d)
LC-MS characterisation for HPLC-purified JQ1-G3139.
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Figure A.21: Reaction and characterisation for JQ1 modification of the NTC-ASO.
(a) Reaction scheme for JQ1 functionalisation of the NTC-ASO. (b) HPLC purifi-
cation for JQI-NTC-ASO functionalisation.(c) Mass spectrum for HPLC-purified
JQ1I-NTC-ASO. (d) LC-MS characterisation for HPLC-purified JQ1-NTC-ASO.
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Figure A.22: Reaction and characterisation for azide modification of the Oblimersen
(G3139)-Cy3 ASO. (a) Reaction scheme for azide functionalisation of G3139-Cys3.
(b) HPLC purification for azide-G3139-Cy3 functionalisation. (c) Mass spectrum
for HPLC-purified azide-G3139. (d) LC-MS characterisation for HPLC-purified
azide-G3139-Cy3.
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Figure A.23: Reaction and characterisation for JQ1 modification of the azido
G3139-Cy3. (a) Reaction scheme for copper click conjugation of JQl-alkyne with
azido G3139-Cy3. (b) HPLC purification for JQ1-G3139-Cy3 functionalisation. (c)
Mass spectrum for HPLC-purified JQ1-G3139-Cy3. (d) LC-MS characterisation for
HPLC-purified JQ1-G3139-Cy3.



292 Ispinesib-ASO conjugates

Ispinesib-ASO conjugates: synthesis, HPLC purification, and

MS characterisation
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Figure A.24: Reaction and characterisation for DBCO modification of NCL1 2'-
OMe ASO. (a) Reaction scheme for DBCO functionalisation of NCL1 20Me ASO.
(b) HPLC purification for DBCO-NCL1 2’- OMe ASO functionalisation. (c¢) Mass
spectrum for HPLC-purified DBCO-NCL1 2’- OMe ASO. (d) LC-MS characterisa-
tion for HPLC-purified DBCO-NCL1 2’- OMe ASO.
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Figure A.25: Reaction and characterisation for ispinesib modification of NCL1 2'-
OMe ASO. (a) Reaction scheme for ispinesib functionalisation of NCL1 2’- OMe
ASO. (b) HPLC purification for Ispinesib-NCL1 2’- OMe ASO (NCL1 2’- OMe Ly-
TON) functionalisation (two peaks represent regioisomer products from SPAAC).
(¢) Mass spectrum for HPLC-purified NCL1 2- OMe LyTON. (d) LC-MS charac-
terisation for HPLC-purified NCL1 2’- OMe LyTON.
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Figure A.26: Reaction and characterisation for ispinesib modification of NTC-
ASO. (a) Reaction scheme for ispinesib functionalisation of NTC-ASO. (b) HPLC
purification for Ispinesib-NTC-ASO functionalisation. (¢) Mass spectrum for
HPLC-purified Ispinesib-NTC-ASO. d) LC-MS characterisation for HPLC-purified
Ispinesib-NTC-ASO.
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Figure A.27: Reaction

and characterisation for DBCO modification

of NCL1 gap-

mer ASO. a) Reaction scheme for DBCO functionalisation of NCL1 gapmer ASO.
b) HPLC purification for DBCO-NCL1 gapmer ASO functionalisation. c¢) Mass
spectrum for HPLC-purified DBCO-NCL1 gapmer ASO. d) LC-MS characterisa-
tion for HPLC-purified DBCO-NCL1 gapmer ASO.
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Figure A.28: Reaction and characterisation for ispinesib modification of NCL1 gap-
mer ASO. (a) Reaction scheme for ispinesib functionalisation of NCL1 gapmer ASO.
(b) HPLC purification for Ispinesib-NCL1 gapmer ASO (NCL1 gapmer LyTON)
functionalisation (two peaks represent regioisomer products from SPAAC). (c¢) Mass
spectrum for HPLC-purified NCL1 gapmer LyTON. (d) LC-MS characterisation for
HPLC-purified NCL1 gapmer LyTON.
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Figure A.29: Reaction and characterisation for DBCO modification of MEN1 2'-
OMe ASO. a) Reaction scheme for DBCO functionalisation of MEN1 2’- OMe ASO.
b) HPLC purification for DBCO-MEN1 2’- OMe ASO functionalisation. ¢) Mass
spectrum for HPLC-purified DBCO-MEN1 2’- OMe ASO. d) LC-MS characterisa-
tion for HPLC-purified DBCO-MEN1 2’- OMe ASO.
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Figure A.30: Reaction and characterisation for ispinesib modification of MEN1

- OMe ASO. (a) Reaction scheme for ispinesib functionalisation of MEN1 2'-
OMe ASO. (b) HPLC purification for Ispinesib-MEN1 2’- OMe ASO (MEN1 2'-
OMe LyTON) functionalisation (two peaks represent regioisomer products from
SPAAC). (c) Mass spectrum for HPLC-purified MEN1 2’- OMe LyTON. (d) LC-
MS characterisation for HPLC-purified MEN1 2’- OMe LyTON.
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Figure A.31: Reaction and characterisation for (+)-JQ1 ssDNA OligpPROTAC,
n=0]. (a) Reaction scheme for copper click conjugation of (+)-JQl-alkyne with
azide-OligopPROTAC, [n=0]. (b) HPLC purification for (+)-JQ1 ssDNA OligoPRO-
TAC, [n=0]. (c) Mass spectrum for HPLC-purified (+)-JQ1 ssDNA OligoPROTAC,
[n=0]. (d) LC-MS characterisation for (+)-JQ1 ssDNA OligopPROTAC, [n=0].
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Figure A.32: Reaction and characterisation for (+)-JQ1 ssDNA OligoPROTAC,
[n=1]. (a) Reaction scheme for copper click conjugation of (+)-JQIl-alkyne with
azide-OligopPROTAC, [n=1]. (b) HPLC purification for (+)-JQ1 ssDNA OligoPRO-
TAC, [n=1]. (c) Mass spectrum for HPLC-purified (+)-JQ1 ssDNA OligpPROTAC,
[n=1]. (d) LC-MS characterisation for (+)-JQ1 ssDNA OligopPROTAC, [n=1].
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Figure A.33: Reaction and characterisation for (+)-JQ1 ssDNA OligopPROTAC,
n=2]. (a) Reaction scheme for copper click conjugation of (+)-JQl-alkyne with
azide-OligopPROTAC, [n=2]. (b) HPLC purification for (+)-JQ1 ssDNA OligoPRO-
TAC, [n=2]. (c) Mass spectrum for HPLC-purified (4)-JQ1 ssDNA OligoPROTAC,
n=2]. (d) LC-MS characterisation for (+)-JQ1 ssDNA OligopPROTAC, [n=2].
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Figure A.34: Reaction and characterisation for (+)-JQ1 ssDNA OligopPROTAC,
[n=3]. (a) Reaction scheme for copper click conjugation of (+)-JQl-alkyne with
azide-OligopPROTAC, [n=3]. (b) HPLC purification for (4)-JQ1 ssDNA OligoPRO-
TAC, [n=3]. (c) Mass spectrum for HPLC-purified (+)-JQ1 ssDNA OligoPROTAC,
n=3|. (d) LC-MS characterisation for (+)-JQ1 ssDNA OligopPROTAC, [n=3].
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Figure A.35: Reaction and characterisation for (+)-JQ1 ssDNA OligpPROTAC,

n=5]. (a) Reaction scheme for copper click conjugation of (+)-JQl-alkyne with

azide-OligopPROTAC, [n=5]. (b) HPLC purification for (+)-JQ1 ssDNA OligoPRO-
TAC, [n=5]. (c) Mass spectrum for HPLC-purified (+)-JQ1 ssDNA OligoPROTAC,

[n=>5]. (d) LC-MS characterisation for (+)-JQ1 ssDNA OligopPROTAC, [n=5].
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Figure A.36: Reaction and characterisation for (+)-JQ1 ssDNA OligopPROTAC,
[n=10]. (a) Reaction scheme for copper click conjugation of (+)-JQ1l-alkyne with
azide-OligopPROTAC, [n=10]. (b) HPLC purification for (+)-JQ1 ssDNA Oligo-
PROTAC, [n=10]. (c¢) Mass spectrum for HPLC-purified (4)-JQ1 ssDNA Oligo-
PROTAC, n=10]. (d) LC-MS characterisation for (+)-JQ1 ssDNA OligpPROTAC,
[n=10].
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Figure A.37: Reaction and characterisation for VH032 ssDNA OligopPROTAC,
[n=0]. (a) Reaction scheme for copper click conjugation of VH032 azide with
alkyne-OligoPROTAC, [n=0]. (b) HPLC purification for VH032 ssDNA OligoPRO-
TAC, [n=0]. (c) Mass spectrum for HPLC-purified VH032 ssDNA OligoPROTAC,
[n=0].(d) LC-MS characterisation for VH032 ssDNA OligoPROTAC, [n=0].
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Figure A.38: Reaction and characterisation for VH032 ssDNA OligoPROTAC,
[n=1]. (a) Reaction scheme for copper click conjugation of VH032 azide with
alkyne-OligoPROTAC, [n=1]. (b) HPLC purification for VH032 ssDNA OligoPRO-
TAC, [n=1]. (¢) Mass spectrum for HPLC-purified VH032 ssDNA OligoPROTAC,
[n=1].(d) LC-MS characterisation for VH032 ssDNA OligoPROTAC, [n=1].
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Figure A.39: Reaction and characterisation for VH032 ssDNA OligoPROTAC,
[n=2]. (a) Reaction scheme for copper click conjugation of VH032 azide with
alkyne-OligoPROTAC, [n=2]. (b) HPLC purification for VH032 ssDNA OligoPRO-
TAC, [n=2]. (c) Mass spectrum for HPLC-purified VH032 ssDNA OligoPROTAC,
[n=2].(d) LC-MS characterisation for VH032 ssDNA OligoPROTAC, [n=2].
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Figure A.40: Reaction and characterisation for VH032 ssDNA OligoPROTAC,
n=3]. (a) Reaction scheme for copper click conjugation of VH032 azide with
alkyne-OligoPROTAC, [n=3]. (b) HPLC purification for VH032 ssDNA OligoPRO-
TAC, [n=3]. (¢) Mass spectrum for HPLC-purified VH032 ssDNA OligoPROTAC,
[n=3].(d) LC-MS characterisation for VH032 ssDNA OligoPROTAC, [n=3].
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Figure A.41:
[n=>5].

Reaction and characterisation for VH032 ssDNA OligopPROTAC,

(a) Reaction scheme for copper click conjugation of VH032 azide with
alkyne-OligoPROTAC, [n=5]. (b) HPLC purification for VH032 ssDNA OligoPRO-
TAC, [n=5]. (c) Mass spectrum for HPLC-purified VH032 ssDNA OligoPROTAC,
[n=>5].(d) LC-MS characterisation for VH032 ssDNA OligoPROTAC, [n=5].
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Figure A.42: Reaction and characterisation for VH032 ssDNA OligopPROTAC,
[n=10]. (a) Reaction scheme for copper click conjugation of VH032 azide with
alkyne-OligoPROTAC, [n=10]. (b) HPLC purification for VH032 ssDNA Oligo-
PROTAC, [n=10]. (c) Mass spectrum for HPLC-purified VH032 ssDNA Oligo-
PROTAC, [n=10].(d) LC-MS characterisation for VH032 ssDNA OligopPROTAC,
[n=10].
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Figure A.43: Reaction and characterisation for asymmetric 5'- JQ1 ssDNA Oligo-
PROTAC, [n=3]. (a) Reaction scheme for copper click conjugation of (+)-JQI-
alkyne with 5-azide-OligopPROTAC, [n=10]. (b) HPLC purification for (+)-JQ1
asymmetric ssDNA OligopPROTAC, [n=3]. (c) Mass spectrum for HPLC-purified
(+)-JQ1 asymmetric ssDNA OligopPROTAC, [n=3]|. (d) LC-MS characterisation
for (+)-JQ1 asymmetric ssDNA OligopPROTAC, [n=3].
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Figure A.44: Reaction and characterisation for toehold-(+)-JQ1 ssDNA OligoPRO-
TAC, [n=3]. (a) Reaction scheme for copper click conjugation of (+)-JQl-alkyne
with azide-toehold-OligopPROTAC, [n=3]. (b) HPLC purification for toehold-(+)-
JQ1 ssDNA OligopPROTAC, [n=3|. (¢) Mass spectrum for HPLC-purified toehold-
(+)-JQ1 ssDNA OligoPROTAC, [n=3]. (d) LC-MS characterisation for tochold-
(+)-JQ1 ssDNA OligoPROTAC, [n=3].
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A.3 Uncropped western blots

Chapter 2: Altering the subcellular localization of ASOs to

improve their therapeutic engagement and efficacy

- 1- - Jai-
Lipofectamine G3139 G3139 G3139 G3139 G3139 G3139 G3139 G3139 Untreated
50nM 50nM 100 nM 100 nM 200 nM 200 nM 500 nM 500 nM

Figure A.45: Uncropped western blot of BCL-2 levels upon treatment with G3139
and (+)-JQ1-G3139 upon transfection with lipofectamine at 24 hours. Normalised
to GAPDH expression levels.



314 (+)-JQ1-modified antisense oligonucleotides

200 nM 500 nM 1M

— —_— —_—
G3139 - + - + -+ - -
(#)-JQ1-G3139 - - + - + - + -

CAPDIT | g Wiy o Ny 37

-30
BCL-2 | St Sl ol S s s s e

Y o

Figure A.46: Uncropped western blot of BCL-2 levels in THP-1s upon treatment
with G3139 and (+)-JQ1-G3139, two rounds of electroporation at 96 hours at con-
centrations indicated. Normalised to GAPDH expression levels.
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Figure A.47: Uncropped western blot of BCL-2 levels in THP-1s upon treatment
with G3139 and (+)-JQ1-G3139, two rounds of electroporation at 96 hours at con-
centrations indicated. Normalised to GAPDH expression levels (biological repli-
cate).
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Chapter 4: Designing small-molecule ASO conjugates to har-

ness the lysosome for targeted mRINA degradation
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Figure A.48: Uncropped western for LC3-1 and LC3-II levels upon treatment with
bafilomycin at indicated concentrations and time points, in HEK293Ts. Normalised
to GAPDH levels.
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Figure A.49: Uncropped western blot of Menin levels upon treatment with MEN1
2’-OMe ASO and MEN1 2-OMe LyTON upon transfection with lipofectamine,
harvested at 48 hours in HEK293Ts. Normalised to GAPDH levels.
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Figure A.50: Uncropped western blot of Menin levels upon treatment with
MENT1 2’-OMe ASO and MEN1 2’-OMe LyTON - in presence and absence of 10
nM bafilomycin, upon transfection with lipofectamine, harvested at 48 hours in
HEK293Ts. Normalised to GAPDH levels.
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Chapter 6: Tunable control over PROTAC Activity via DNA

Hybridization and Strand Displacement

(#)-JQ1  VHLO1 (+)-JQ1 L2000 Oligo  Oligo Oligo  Oligo  Oligo MZ1, Oligo
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Figure A.51: Uncropped western blot of BRD4 levels upon lipofectamine 2000
transfection in HEK293T with OligoPROTAC:S of varying linker lengths and partial

PROTAC control constructs.
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Figure A.52: Uncropped western blot of BRD4 levels upon lipofectamine 2000
transfection in HeLa with OligoPROTACs of varying linker lengths and partial

PROTAC control constructs.



Oligonucleotide-linked PROTACs

(+)-JQ1 VH032 (+)-JQ1  Oligo Oligo Oligo Oligo L2000  ATH,
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Figure A.53: Uncropped western blot of BRD4 levels upon lipofectamine 2000
transfection in A549 with OligopPROTACSs of varying linker lengths and partial

PROTAC control constructs.
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#a1 - vHoaz PF?(I)I'QI%C PF?S%':C PHO(I)I%ORC PROTAC
asymm, asymm,
| 1 [n=0] [n=1] in=2] n=3] Sm-dsDNA L2000
1.00pyM 100pM 050pM 1.00uM 050uM 1.00pM 050pM 1.00uM 050 M  1.00 M  1.00 pM
— 250
S— e — . ——

GAPDHP- — i — hadd ol o o Ead

Figure A.54: Uncropped western blot of BRD4 levels upon lipofectamine 2000
transfection in HEK293T with OligoPROTAC of varying linker lengths, [n=1, 2, 3]

and partial PROTAC control constructs.
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Figure A.55: Uncropped western blot of BRD4 levels upon lipofectamine 2000
transfection in HEK293T with OligoPROTAC of varying linker lengths, [n=3, 5,

10] and control constructs.
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Figure A.56: Uncropped western blot for BRD4 levels upon treatment with [n=3]
OligoPROTAC and small molecule PROTAC, AT1 at concentrations indicated over
upon Lipofectamine 2000 transfection/DMSO treatment in HEK293T cells at 12

hours.
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Figure A.57: Uncropped western blot for BRD4 levels upon treatment with [n=3]
OligoPROTAC and small molecule PROTAC, AT1 at 1.00 utM over 6 hours, 12
hours, and 24 hours upon Lipofectamine 2000 transfection/DMSO treatment in
HEK293T cells.
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Figure A.58: Uncropped western blot for MYC levels upon treatment with [n=3]
OligoPROTAC and small molecule PROTAC, AT1 at concentrations (0.25, 0.50,
1.00 pM) upon Lipofectamine 2000 transfection/DMSO treatment in HEK293T
cells at 12 hours.
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Figure A.59: Uncropped western blot of BRD4 levels upon treatment with toehold
OligoPROTAC [n=3|, along with anti-toehold complement and scrambled anti-
toehold complement upon lipofectamine 2000 transfection in HEK293T cells.
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Figure A.60: Uncropped western blot of BRD4 levels upon treatment with toe-
hold OligoPROTAC [n=3] for 12 hours, followed by anti-toehold complement and
scrambled anti-toehold complement incubation for another 12 hours — harvest at 24
hours.
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Figure A.61: Uncropped western blot of BRD4 levels upon treatment with toehold
OligoPROTAC [n=3] for 12 hours, followed by anti-tochold complement and scram-
bled anti-toehold complement incubation for another 12 hours — harvest at 24 hours
(biological replicate).

A.4 Nucleotide sequences for truncated gene con-

structs of MLL-AF/4, MLL, and AF/

Table A.1: Sequences for truncated gene constructs of MLL-AF/, MLL, and AF}
(5"- 3')

S. No. | Name Sequence (5'- 3')

1 MLL GGAAATAAAAGGCCAAAGCTCAGCTCTGCAAGA
TTGAGAAGAGTAAGAGTCTTAAACAAACCGACC
AGCCCAAAGCACAGGGTCAAGAAAGTGACTCAT
CAGAGACCTCTGTGCGAGGACCCCGGATTAAAC
ATGTCTGCAGAAGAGCAGCTGTTGCCCTTGGCC
GAAAACGAGCTGTGTTTCCTGATGACATGCCCA
CCCTGAGTGCCTTACCATGGGAAGAACGAGAAA
AGATTTTGTCTTCCATGGGGAATGATGACAAGT
CATCAATTGCTGGCTCAGAAGATGCTGAACCTCT
TGCTCCACCCATCAAACCAATTAAACCTGTCACT
AGAAACAAGGCACCCCAGGAACCTCCAGTAAAG
AAAGGACGTCGATCGAGGCGGTGTGGGCAGTGT
CCCGGCTGCCAGGTGCCTGAGGACTGTGGTGTT
TGTACTAATTGCTTAGATAAGCCCAAGTTTGGT
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Name

Sequence (5'-3')

MLL

GGTCGCAATATAAAGAAGCAGTGCTGCAAGATG
AGAAAATGTCAGAATCTACAATGGATGCCTTCC
AAAGCCTACCTGCAGAAGCAAGCTAAAGCTGTG
AAAAAGAAAGAGAAAAAGTCTAAGACCAGTGAA
AAGAAAGACAGCAAAGAGAGCAGTGTTGTGAAG
AACGTGGTGGACTCTAGTCAGAAACCTACCCCA
TCAGCAAGAGAGGATCCTGCCCCAAAGAAAAGC
AGTAGTGAGCCTCCTCCACGAAAGCCCGTCGAG
GAAAAGAGTGAAGAAGGGAATGTCTCGGCCCCT
GGGCCTGAATCCAAACAGGCCACCACTCCAGCTT
CCAGGAAGTCAAGCAAGCAGGTCTCCCAGCCAG
CACTGGTCATCCCGCCTCAGCCACCTACTACAGG
ACCGCCAAGAAAAGAAGTTCCCAAAACCACTCCT
AGTGAGCCCAAGAAAAAGCAGCCTCCACCACCA
GAATCAGGTCCAGAGCAGAGCAAACAGAAAAAA
GTGGCTCCCCGCCCAAGTATCCCTGTAAAACAAA
AACCAAAAGAAAAGGAAAAACCACCTCCGGTCA
ATAAGCAGGAGAATGCAGGCACTTTGAACATCC
TCAGCACTCTCTCCAATGGCAATAGTTCTAAGCA
AAAAATTCCAGCAGATGGAGTCCACAGGATCAG
AGTGGACTTTAAGGAGGATTGTGAAGCAGAAAA
TGTGTGGGAGATGGGAGGCTTAGGAATCTTGAC
TTCTGTTCCTATAACACCCAGGGTGGTTTGCTTT
CTCTGTGCCAGTAGTGGGCATGTAGAGTTTGTG
TATTGCCAAGTCTGTTGTGAGCCCTTCCACAAGT
TTTGTTTAGAGGAGAACGAGCGCCCTCTGGAGG
ACCAGCTGGAAAATTGGTGTTGTCGTCGTTGCA
AATTCTGTCACGTTTGTGGAAGGCAACATCAGG
CTACAAAGCAGCTGCTGGAGTGTAATAAGTGCC
GAAACAGCTATCACCCTGAGTGCCTGGGACCAA
ACTACCCCACCAAACCCACAAAGAAGAAGAAAG
TCTGGATCTGTACCAAGTGTGTTCGCTGTAAGA
GCTGTGGATCCACAACTCCAGGCAAAGGGTGGG
ATGCACAGTGGTCTCATGATTTCTCACTGTGTCA
TGATTGCGCCAAGCTCTTTGCTAAAGGAAACTTC
TGCCCTCTCTGTGACAAATGTTATGATGATGAT
GACTATGAGAGTAAGATGATGCAATGTGGAAAG
TGTGATCGCTGGGTCCATTCCAAATGTGAGAAT
CTTTCAGATGAGATGTATGAGATTCTATCTAATC
TGCCAGAAAGTGTGGCCTACACTTGTGTGAACT
GTACTGAGCGGCACCCTGCAGAGTGGCGACTGG
CCCTTGAAAAAGAGCTGCAGATTTCTCTGAAGC
AAGTTCTGACAGCTTTGTTGAATTCTCGGACTAC
CAGCCATTTGCTACGCTACCGGCAGGCTGCCAA
GCCTCCAGACTTAAATCCCGAGACAGAGGAGAG
TATACCTTCCCGCAGCTCCCCCGAAGGACCTGAT
CCACCAGTTCTTACTGAGGTCAGCAAACAGGAT
GATCAGCAGCCTTTA




Truncated gene constructs of MLL-AF/, MLL, and AF}

Name

Sequence (5'-3')

AF4

CCTACAAGACAGCAAAAGGTGATGAGCTGTCTA
GTCGAATACAGAACATGTTGGGAAACTACGAAG
AAGTGAAGGAGTTCCTTAGTACTAAGTCTCACA
CTCATCGCCTGGATGCTTCTGAAAATAGGTTGG
GAAAGCCGAAATATCCTTTAATTCCTGACAAAG
GGAGCAGCATTCCATCCAGCTCCTTCCACACTAG
TGTCCACCACCAGTCCATTCACACTCCTGCGTCT
GGACCACTTTCTGTTGGCAACATTAGCCACAATC
CAAAGATGGCGCAGCCAAGAACTGAACCAATGC
CAAGTCTCCATGCCAAAAGCTGCGGCCCACCGG
ACAGCCAGCACCTGACCCAGGATCGCCTTGGTC
AGGAGGGGTTCGGCTCTAGTCATCACAAGAAAG
GTGACCGAAGAGCTGACGGAGACCACTGTGCTT
CGGTGACAGATTCGGCTCCAGAGAGGGAGCTTT
CTCCCTTAATCTCTTTGCCTTCCCCAGTTCCCCC
TTTGTCACCTATACATTCCAACCAGCAAACTCTT
CCCCGGACGCAAGGAAGCAGCAAGGTTCATGGC
AGCAGCAATAACAGTAAAGGCTATTGCCCAGCC
AAATCTCCCAAGGACCTAGCAGTGAAAGTCCAT
GATAAAGAGACCCCTCAAGACAGTTTGGTGGCC
CCTGCCCAGCCGCCTTCTCAGACATTTCCACCTC
CCTCCCTCCCCTCAAAAAGTGTTGCAATGCAGCA
GAAGCCCACGGCTTATGTCCGGCCCATGGATGG
TCAAGATCAGGCCCCTAGTGAATCCCCTGAACTG
AAACCACTGCCGGAGGACTATCGACAGCAGACC
TTTGAAAAAACAGACTTGAAAGTGCCTGCCAAA
GCCAAGCTCACCAAACTGAAGATGCCTTCTCAGT
CAGTTGAGCAGACCTACTCCAATGAAGTCCATT
GTGTTGAAGAGATTCTGAAGGAAATGACCCATT
CATGGCCGCCTCCTTTGACAGCAATACATACGCC
TAGTACAGCTGAGCCATCCAAGTTTCCTTTCCCT
ACAAAGGACTCTCAGCATGTCAGTTCTGTAACCC
AAAACCAAAAACAATATGATACATCTTCAAAAAC
TCACTCAAATTCTCAGCAAGGAACGTCATCCATG
CTCGAAGACGACCTTCAGCTCAGTGACAGTGAG
GACAGTGACAGTGAACAAACCCCAGAGAAGCCT
CCCTCCTCATCTGCACCTCCAAGTGCTCCACAGT
CCCTTCCAGAACCAGTGGCATCAGCACATTCCAG
CAGTGCAGAGTCAGAAAGCACCAGTGACTCAGA
CAGTTCCTCAGACTCAGAGAGCGAGAGCAGTTC
AAGTGACAGCGAAGAAAATGAGCCCCTAGAAAC
CCCAGCTCCGGAGCCTGAGCCTCCAACAACAAAC
AAATGGCAGCTGGACAACTGGCTGACCAAAGTC
AGCCAGCCAGCTGCGCCACCAGAGGGCCCCAGG
AGCACAGAGCCCCCACGGCGGCACCCAGAGAGT
AAGGGCAGCAGCGACAGTGCCACGAGTCAGGAG
CATTCTGAATCCAAAGATCCTCCCCCTAAAAGCT
CCAGCAAAGCCCCCCGGGCCCCACCCGAAGCCCC
CCACCCCGGAAAGAGGAGCTGTCAGAAGTCTCC
GGCACAGCAGGAGCCCCCACAAAGGCAAACCGT
TGGAACCAAACAACCCAAAAAACCTGTCAAGGC
CTCTGCCCGGGCAGGTTCACGGACCAGCCTGCA
GGGGGAAAGGGAGCCAGGGCTTCTTCCCTATGG
CTCCCGAGACCAGACTTCCAAAGACAAGCCCAAG
GTGAAGACGAAAGGACGGCCCCGGGCCGCAGCA
AGCAACGAACCCAAGCCAGCAG
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Name

Sequence (5'-3')

MLL-AF4

GGAAATACAATTGCTGGCTCAGAAGATGCTGAA
CCTCTTGCTCCACCCATCAAACCAATTAAACCTG
TCACTAGAAACAAGGCACCCCAGGAACCTCCAGT
AAAGAAAGGACGTCGATCGAGGCGGTGTGGGCA
GTGTCCCGGCTGCCAGGTGCCTGAGGACTGTGG
TGTTTGTACTAATTGCTTAGATAAGCCCAAGTTT
GGTGGTCGCAATATAAAGAAGCAGTGCTGCAAG
ATGAGAAAATGTCAGAATCTACAATGGATGCCT
TCCAAAGCCTACCTGCAGAAGCAAGCTAAAGCT
GTGAAAAAGAAAGAGAAAAAGTCTAAGACCAGT
GAAAAGAAAGACAGCAAAGAGAGCAGTGTTGTG
AAGAACGTGGTGGACTCTAGTCAGAAACCTACC
CCATCAGCAAGAGAGGATCCTGCCCCAAAGAAA
AGCAGTAGTGAGCCTCCTCCACGAAAGCCCGTC
GAGGAAAAGAGTGAAGAAGGGAATGTCTCGGCC
CCTGGGCCTGAATCCAAACAGGCCACCACTCCAG
CTTCCAGGAAGTCAAGCAAGCAGGTCTCCCAGC
CAGCACTGGTCATCCCGCCTCAGCCACCTACTAC
AGGACCGCCAAGAAAAGAAGTTCCCAAAACCAC
TCCTAGTGAGCCCAAGAAAAAGCAGCCTCCACCA
CCAGAATCAGGTCCAGAGCAGAGCAAACAGAAA
AAAGTGGCTCCCCGCCCAAGTATCCCTGTAAAAC
AAAAACCAAAAGAAAAGCAGACCTACTCCAATG
AAGTCCATTGTGTTGAAGAGATTCTGAAGGAAA
TGACCCATTCATGGCCGCCTCCTTTGACAGCAAT
ACATACGCCTAGTACAGCTGAGCCATCCAAGTTT
CCTTTCCCTACAAAGGACTCTCAGCATGTCAGTT
CTGTAACCCAAAACCAAAAACAATATGATACATC
TTCAAAAACTCACTCAAATTCTCAGCAAGGAACG
TCATCCATGCTCGAAGACGACCTTCAGCTCAGTG
ACAGTGAGGACAGTGACAGTGAACAAACCCCAG
AGAAGCCTCCCTCCTCATCTGCACCTCCAAGTGC
TCCACAGTCCCTTCCAGAACCAGTGGCATCAGCA
CATTCCAGCAGTGCAGAGTCAGAAAGCACCAGT
GACTCAGACAGTTCCTCAGACTCAGAGAGCGAG
AGCAGTTCAAGTGACAGCGAAGAAAATGAGCCC
CTAGAAACCCCAGCTCCGGAGCCTGAGCCTCCAA
CAACAAACAAATGGCAGCTGGACAACTGGCTGA
CCAAAGTCAGCCAGCCAGCTGCGCCACCAGAGG
GCCCCAGGAGCACAGAGCCCCCACGGCGGCACC
CAGAGAGTAAGGGCAGCAGCGACAGTGCCACGA
GTCAGGAGCATTCTGAATCCAAAGATCCTCCCCC
TAAAAGCTCCAGCAAAGCCCCCCGGGCCCCACCC
GAAGCCCCCCACCCCGGAAAGAGGAGCTGTCAG
AAGTCTCCGGCACAGCAGGAGCCCCCAC
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A.5 Microscopy images
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improve their therapeutic engagement and efficacy

anti-PS Composite

Hoescht 3342 a/B tubulin

L2000

MALAT1-MOE

200 nM

(+)-JQ1-MALAT1-MOE

MALAT1-MOE

500 nM

(+)-JQ1-MALAT1-MOE

Figure A.62: Representative immunocytochemistry of HEK293 cells transfected
with L2000 only, unconjugated and (+)-JQIl-modified MALAT1 gapmers at con-
centrations indicated for 24 hours using antibodies against the PS modifications
(green) and o-/B- tubulin (red). Images are maximum intensity projections gener-
ated from Z-stacks; magnification 63x, scale bars as indicated.
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Hoescht 3342 a/B tubulin anti-PS Composite

L2000

200 nM
G3139

(+)-JQ1-G3139

G3139

500 nM

(+)-JQ1-G3139

Figure A.63: Representative immunocytochemistry of HEK293 cells transfected
with L2000 only, unconjugated and (+)-JQ1-modified G3139 at concentrations in-
dicated for 24 hours using antibodies against the PS modifications (green) and
o-/B-tubulin (red). Images are maximum intensity projections generated from Z-
stacks; magnification 63x, scale bars as indicated.
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